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Abstract 
Background 
Osteoarthritis (OA) of the hip is a common disease among elderly adults and its 
prevalence increases with age. Hip OA is presumed to be a group of diseases 
resulting in the same pathological pathway, but its etiology is not completely 
understood. The major symptoms are joint pain, joint stiffness, impaired range of 
motion, and muscle weakness resulting in increased levels of physical disability (PD) 
and reduced quality of life. Besides the impairments of the individual subject a heavy 
economic burden goes along with the disease and is expected to increase due to 
aging societies in western countries throughout the upcoming years. Exercise 
therapy (ET), including elements to strengthen the hip muscles, is a common 
treatment in hip OA and considered to reduce pain and PD. Currently, there is only 
silver-level scientific evidence regarding the effectiveness of ET in hip OA due to a 
limited number of high quality studies. Furthermore, the optimal content and dosage, 
as well as the mode of delivery of ET need to be evaluated. This doctoral thesis deals 
with three specific aspects of hip muscle strength (HMS) in patients with hip OA: the 
precision of measuring HMS, training HMS, and the relevance of HMS to physical 
disability (PD). Three studies and one study protocol provide the scientific program of 
this thesis, referring to these aspects of HMS.  
Methods 
The first study (S1) investigated the reproducibility of isokinetic and isometric HMS 
measures in patients with hip OA. 16 subjects with unilateral or bilateral hip OA and 
13 healthy subjects were tested twice, 7 days apart. A subpopulation of 11 hip OA 
patients was tested a third time to evaluate familiarization to these measurements. 
The standard error of measurement (SEM) served as the reproducibility outcome 
parameter. The second study (S2) investigated the feasibility of strengthening 
exercises and their effect on HMS in hip patients. 36 participants from an institutional 
training group for hip patients were allocated randomly to an intervention or control 
group. While the intervention group completed an eight-week progressive home-
based strengthening exercise program (PHSEP) in addition to the weekly institutional 
supervised group-based exercise therapy (ISET), the control group continued weekly 
ISET, only. Exercise logs were used to monitor adherence, pain, and the applied 
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exercise intensity of the PHSEP. Before and after the intervention period, HMS was 
determined using isokinetic concentric and isometric HMS measurements. 
Additionally, health-related quality of life was assessed by the SF36 questionnaire. 
These two studies served as a basis for developing strength-specific aspects of a 
study design for a randomized controlled trial (RCT), which was in progress at the 
writing of this thesis. This RCT addresses the above-mentioned lack of scientific 
evidence about the effectiveness of ET in hip OA. A study protocol (P1) describes 
this RCT, which evaluates the effectiveness of ET on pain and PD in patients with hip 
OA. 217 patients with hip OA were recruited from the community and allocated to one 
of the four groups: (1) exercise group, n = 70 (2) non-intervention group, n = 70, (3) 
“Sham” ultrasound group, n = 70, and (4) ultrasound group, n = 7. The main outcome 
measure is the change in the subscale bodily pain of the SF36. Secondary outcomes 
are PD assessed by the SF36 and the WOMAC questionnaire, isometric HMS, 
several gait variables and postural control. Finally, the relationship of HMS and PD in 
hip OA was investigated in a third (cross-sectional) study (S3). A stepwise regression 
model was applied with data from 149 subjects suffering from hip OA. The outcome 
variable was the self-reported physical disability, assessed with the physical function 
subscale of the WOMAC questionnaire. Age, gender, body mass index BMI1, HMS, 
pain, stiffness, and range of motion were included in the statistical model as 
associated factors of PD.  
Results 
The results of S1 showed high variability in HMS measurements between days. The 
highest SEM values, indicating poorest reproducibility, were obtained for hip 
extension, followed by hip adduction and hip flexion measures, while the smallest 
values were found for hip abduction measures. Lower reproducibility occurred in 
patients with hip OA in comparison to healthy controls during the isometric measures 
of hip abduction, adduction, and flexion. Reproducibility of 11 hip OA patients was 
lower for the second test sequence (test-day 2 and 3) than for the first test sequence 
(test-day 1 and 2). The findings of S2 indicated high exercise adherence (99%) of the 
intervention group to the applied PHSEP. Furthermore, exercise logs reported that 
pain resulting from the PHSEP was low. HMS improved about 7-11% in comparison 
to the control group. The SF36 variables did not change throughout the exercise 
                                            
1
 Body mass index is bodyweight (kg) divided by body height squared (m²). 
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period. In S3, the statistical model revealed stiffness, pain, and HMS to be significant 
factors of self-reported physical disability in hip OA.  
Conclusion 
In conclusion, the precision of several HMS measures may be affected by hip OA 
and clinicians should be aware of a higher measurement error in patients with hip OA 
under isometric test conditions than for healthy subjects. A familiarization 
measurement may be an approach to diminish the measurement error.  
The applied PHSEP amended to an ISET is feasible for hip patients to carry out and 
can be applied to improve HMS. Furthermore, a significant cross-sectional 
relationship between HMS and PD has been evaluated, indicating that HMS may be 
an important factor to stimulate during exercise therapy in hip OA. The upcoming 
results of the RCT (P1) described in the study protocol will help to reduce the 
shortcomings in scientific evidence regarding the effectiveness of strengthening 
exercise regimes to reduce pain and PD in patients with hip OA. 
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Zusammenfassung 
Hintergrund 
Coxarthrose ist eine weit verbreitete Krankheit in der älteren Bevölkerung westlicher 
Industrienationen. Die Bedeutung und Zahl der Neuerkrankungen nehmen mit 
steigendem Lebensalter zu. Schmerz, Steifheit, Bewegungseinschränkungen und 
Muskelschwäche zählen zu den Leitsymptomen dieser Krankheit, die sich in einer 
zunehmenden körperlichen Funktionseinschränkung und eingeschränkten 
Lebensqualität der Patienten äußern. Neben der Bedeutung für die betroffenen 
Patienten selbst wachsen in westlichen Industrienationen aufgrund der 
demographischen Entwicklung hin zu einer alternden Gesellschaft der Druck und die 
finanzielle Belastung auf die Renten- und Gesundheitssysteme. Die Sporttherapie 
wird häufig in frühen Stadien der Krankheit eingesetzt und zählt zu den 
konservativen Therapieverfahren. Nach aktuellem Stand der Wissenschaft scheinen 
sporttherapeutische Interventionen mit Trainingselementen zur Kräftigung der 
hüftumgebenden Muskulatur sinnvoll. Dennoch wurde die Wirksamkeit von 
Sporttherapie bei Coxarthrose bisher nur in einzelnen Studien nachgewiesen (Silver-
level Evidence). Es fehlen qualitativ hochwertige randomisierte 
Kontrollgruppenstudien (RCTs). Zudem ist bislang ungeklärt, wie ein optimales 
Trainingsprogramm bei Coxarthrose hinsichtlich der Inhalte, Dosierung und 
Durchführungsmodalität zu gestalten ist, um Schmerz und körperliche 
Funktionseinschränkungen bestmöglich zu therapieren. Vor diesem Hintergrund 
beschäftigt sich die vorliegende Dissertation mit drei Aspekten der Hüftmuskelkraft 
bei Patienten mit Coxarthrose. Drei entsprechende Studien, die in vier 
wissenschaftlichen Artikeln aufgearbeitet wurden, bilden den wissenschaftlichen 
Schwerpunkt der Arbeit.  
Methode 
Die erste Studie (S1) befasst sich mit der Messgenauigkeit von Hüftkraftmessungen 
bei Coxarthrosepatienten. Unter diesem Aspekt wurden isometrische und 
isokinetische Kraftmessgrößen an der Hüfte bei 16 Coxarthrosepatienten und 13 
gesunden Personen zwei Mal im Abstand von sieben Tagen erhoben. Bei einer 
Teilstichprobe von 11 Coxarthrosepatienten wurden die Messungen ein drittes Mal 
durchgeführt, um mögliche Gewöhnungseffekte zu evaluieren. Der Standard Error of 
Zusammenfassung 
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Measurement (SEM) wurde verwendet, um den Messfehler zu quantifizieren. Die 
zweite Studie (S2) greift einen weiteren Aspekt auf, der sich auf das Training der 
Hüftmuskelkraft bei Hüftpatienten bezieht. Hier wurde die Machbarkeit eines 
ergänzenden Heimtrainingsprogramms zur Kräftigung der hüftumgebenden 
Muskulatur evaluiert sowie mögliche Auswirkungen auf die Hüftmuskelkraft 
untersucht. 36 Teilnehmer einer Hüftsportgruppe mit Coxarthrose und/oder einer 
Total-Endoprothese (TEP) wurden randomisiert in zwei Untersuchungsgruppen 
aufgeteilt. Während die Patienten der Kontrollgruppe im Untersuchungszeitraum 
weiterhin wöchentliche institutionelle sporttherapeutische Trainingseinheiten 
wahrnahmen, führten die Patienten der Interventionsgruppe zusätzlich 
Heimtrainingseinheiten zur Kräftigung der Hüftmuskeln durch. Vor und nach der 
Intervention wurden isometrische und isokinetische Maximalkraftmessungen 
durchgeführt. Die Patienten der Trainingsgruppe haben ein Trainingstagebuch 
geführt, um die Teilnahme am Heimtrainingsprogramm und mögliche Schwierigkeiten 
damit zu dokumentieren. Der SF36 Fragebogen wurde eingesetzt, um die 
gesundheitsbezogene Lebensqualität im Verlauf zu kontrollieren. Die Erkenntnisse 
der beiden beschriebenen Studien wurden verwendet, um kraftspezifische Aspekte 
eines Studiendesigns zu entwickeln. Dieses Studiendesign entspricht einem RCT 
und soll die Effektivität eines sporttherapeutischen Trainingskonzepts hinsichtlich 
Schmerzreduktion und Verbesserung der körperlichen Funktionsfähigkeit überprüfen. 
217 Hüftarthrosepatienten werden rekrutiert und randomisiert auf eine der folgenden 
Untersuchungsgruppen aufgeteilt: (1) Trainingsgruppe, n = 70 (2) Kontrollgruppe 
ohne Intervention, n = 70, (3) “Schein” Ultraschallgruppe, n = 70, und (4) 
Ultraschallgruppe, n = 7. Die primäre Zielgröße ist Veränderung in der Subskala 
„Körperliche Schmerzen“ des SF36-Fragebogens. Sekundäre Zielgrößen sind 
Schmerz und Körperliche Funktionsfähigkeit aus dem WOMAC-Fragebogen, 
weiteren Subskalen des SF36-Fragebogens, isometrische Hüftmuskelkraft, 
verschiedene Variablen des Gangs und posturale Kontrolle. Die Bedeutung der 
Hüftmuskelkraft auf die alltagsrelevante körperliche Funktionsfähigkeit stellt den 
dritten Aspekt dieser Dissertation dar und wurde in Studie 3 (S3), einer 
Querschnittsuntersuchung an 149 Coxarthrosepatienten behandelt. Ziel der Studie 
war die Untersuchung des Zusammenhangs verschiedener Variablen und der 
alltagsbezogenen körperlichen Funktionsfähigkeit. In einem statistisches Modell 
wurde die Beziehung zwischen den Variablen: Hüftmuskelkraft, Body Mass Index 
Zusammenfassung 
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(BMI), Alter, Geschlecht, Schmerz, Steifheit und Beweglichkeit der Hüfte und der 
Subskala „Körperliche Funktionsfähigkeit“ des WOMAC-Fragebogens als Maß für die 
alltagsbezogene körperlichen Funktionsfähigkeit berechnet.  
Ergebnisse 
In der ersten Studie (S1) wurden die größten Messfehler in den Messgrößen 
Hüftextension ermittelt. Danach folgten die Messgrößen Hüftadduktion und -flexion. 
Der geringste Messfehler wurde für Hüftabduktion ermittelt. Unter isometrischen 
Bedingungen wurden in den Kraftmessgrößen Hüftabduktion, -adduktion und -flexion 
bei Coxarthrosepatienten größere Messfehler quantifiziert als bei gesunden 
Personen. Zudem war die Reproduzierbarkeit in der ersten Test-Sequenz (Messtag 1 
und 2) im Vergleich zur zweiten Test-Sequenz reduziert (Messtag 2 und 3). In der 
zweiten Studie (S2) konnte gezeigt werden, dass das verwendete 
Heimtrainingsprogramm sicher und selbstständig von den Hüftpatienten durchgeführt 
werden konnte. Die Trainingstagebücher ließen auf eine nahezu hundertprozentige 
Teilnahme am ergänzenden Heimtrainingsprogramm schließen und zeigten 
außerdem, dass das Heimtrainingsprogramm keine schmerzverursachende Wirkung 
hatte. Nach der Intervention war die Kraft der hüftumgebenden Muskulatur im 
Vergleich zur Kontrollgruppe um 7-9% gesteigert. Befunde hinsichtlich einer 
veränderten Lebensqualität konnten nicht registriert werden. Das statistische Modell, 
das in der dritten Studie (S3) eingesetzt wurde, erkannte Schmerz, Steifheit und 
Hüftmuskelkraft als die drei bedeutsamsten Faktoren für die alltagsbezogene 
körperliche Funktionsfähigkeit bei Patienten mit Coxarthrose.  
Schlussfolgerungen 
Kraftmessungen an der Hüfte scheinen erheblichen Tagesschwankungen ausgesetzt 
zu sein. Bei Coxarthrosepatienten und gesunden Personen scheint sich die 
Wiederholbarkeit von isokinetischen Kraftmessungen zu ähneln. Unter isometrischen 
Testbedingungen muss mit höheren Messfehlern bei Coxarthrosepatienten 
gerechnet und entsprechend bei der Interpretation von Ergebnissen berücksichtigt 
werden. Eine Gewöhnungsmessung kann den Messfehler reduzieren, birgt allerdings 
einen erheblich höheren finanziellen und personellen Aufwand. Das ergänzende 
Heimtrainingsprogramm wurde von den Patienten gut angenommen, so dass 
lediglich kleinere Modifikationen vorgenommen werden mussten, um es in dem 
Zusammenfassung 
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geplanten RCT zu evaluieren. Zudem konnte gezeigt werden, dass die 
Hüftmuskelkraft zu den drei bedeutsamsten Faktoren zählt, die Einfluss auf die 
alltagsbezogene körperliche Funktionsfähigkeit bei Patienten mit Coxarthrose haben 
können. Ob diese Beziehung tatsächlich kausaler Natur ist, werden zukünftige 
Verlaufsstudien aufzeigen, in denen gezielt solche Faktoren der alltagsrelevanten 
körperliche Funktionsfähigkeit durch sporttherapeutische Maßnahmen modifiziert 
werden. Die ausstehenden Ergebnisse des RCT sollen die noch unzureichende 
wissenschaftliche Beweislage bezüglich der Wirksamkeit sporttherapeutischer 
Interventionen bei Coxarthrose verbessern. Dabei soll gezeigt werden, ob und in 
welchem Maß eine Schmerzreduktion und Verringerung der körperlichen 
Funktionseinschränkung erzielt werden kann.  
Structure of the thesis 
15 
 
Structure of the thesis 
This doctoral thesis deals with three aspects of hip muscle strength (HMS) in patients 
with hip OA: the precision of measuring HMS, training HMS, and the relation of HMS 
to physical disability (PD). 
The formal constitution of this work follows three major parts. The first part provides 
the theoretical background, the context and the rationale of this doctoral thesis.  
The second part includes the scientific program of this thesis consisting of three 
studies and one study protocol, referring to the above-mentioned aspects of HMS in 
hip OA. This scientific program is reviewed in four research papers, three of which 
have been published in international peer-reviewed journals, and one which has 
been submitted to such a journal. Ahead of each paper a brief summary of the 
rationale and specific aims are given. Table 1 shows the attribution of the research 
papers and the applied studies and the study protocol.  
Finally, in the third part, a comprehensive discussion will integrate the results of the 
scientific program into the current scientific discussion found in the literature. 
 
Table 1: Attribution of research papers  
Research paper Scientific content 
Research paper 1  Study 1 (S1) 
Research paper 2  Study 2 (S2) 
Research paper 3  Study protocol (P1) 
Research paper 4  Study 3 (S3) 
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1 Background 
Part one provides the theoretical background and the rationale behind this thesis and 
is structured in five chapters. 
Chapter 1 of this thesis gives an overview of the prevalence and incidence of hip 
osteoarthritis (OA), clinical symptoms and diagnostic aspects, etiology, and 
socioeconomic aspects of hip OA. Chapter two addresses the major aspects of hip 
muscle strength (HMS) in patients with hip OA, including the anatomical and 
functional structure of the hip muscles, general muscle function, hip muscle 
weakness and the assessment of HMS. Physical disability (PD) in hip OA, such as 
the role of exercise therapy in rehabilitating hip OA with a special focus on HMS 
exercises, will be elucidated in chapters 3 and 4. Chapter 5 illustrates the context of 
this scientific work which is part of a superordinated research project dealing with the 
effectiveness of exercise therapy in patients with OA. The integration of the scientific 
program into the workflow of this research project will be described. 
1.1 Osteoarthritis of the hip joint 
1.1.1 Prevalence and incidence 
OA of the hip is the most common disease of the hip joint (Imhof et al., 2009). Data 
on prevalence2 and incidence3 differ among studies due to inconsistent case 
definitions (Busija et al., 2010; Imhof et al., 2009; Pereira et al., 2011). Radiographic 
hip OA appears to be present in 5 to 10% of the adult population (Dagenais et al., 
2009). Symptomatic hip OA is thought to be less frequent, since radiographic hip OA 
is not necessarily associated with clinical symptoms (Busija et al., 2010; 
Hackenbroch, 2002).  
The prevalence of hip OA seems to differ among ethnic groups (Dagenais et al., 
2009; Cibulka et al., 2009). While the prevalence of hip OA is reported to be similar in 
African Americans and Caucasians (Nelson et al., 2010). Asian, African and East 
Indian populations seem to be less frequently affected than Caucasians of European 
ancestry (Dagenais et al., 2009; Cibulka et al., 2009). The lower prevalence in Asia is 
                                            
2
 Prevalence is the total number of cases of a disease in existence at a certain time in a designated 
geographical area (Dorland, 1985).  
3
 Incidence is an expression of the rate at which a certain event occurs, as the number of new cases 
of a specific disease occurring during a certain period (Dorland, 1985).  
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attributed to lifestyle factors, differences in physical activity, obesity and genetic 
factors (Dagenais et al., 2009). Epidemiological studies on Caucasian populations 
agree that the prevalence of hip OA increases with age (Dagenais et al., 2009; 
Reginster, 2002). Most often middle-aged and elderly people over 60 years are 
affected (Cibulka et al., 2009). It is estimated that about 20% of the older population 
(age over 60 years) suffer from symptomatic hip OA (Murphy et al., 2010; Quintana 
et al., 2008), and that women are more often affected than men (Andrianakos et al., 
2006; Felson & Zhang, 1998). In the younger age groups, this relation is inverted, 
with a higher prevalence in men than in women (Dagenais et al., 2009; Felson & 
Zhang, 1998). The higher incidence of hip OA in women in the higher age groups is 
presumed to be related to hormonal changes during menopause (Andrianakos et al., 
2006; Felson & Zhang, 1998). 
1.1.2 Etiology 
Functioning joints that interact with the muscles, tendons, and ligaments are 
necessary to provide mobility. Joints are an organ system that consists of hyaline 
cartilage, adjacent bone structures and joint capsule filled with synovial fluid (Soder & 
Aigner, 2011). Hip OA affects all joint structures (Goldring & Goldring, 2010) and 
leads to irreversible damage of the hyaline cartilage (Soder & Aigner, 2011). OA is 
considered to be a group of diseases with different etiologies with a similar biological, 
morphological, and clinical manifestation (Felson et al., 2000a). The etiology of hip 
OA, like other forms of OA, can be categorized into primary, also known as 
idiopathic4, and secondary OA. While secondary hip OA can be attributed to a 
specific reason or event, the reasons for the genesis of primary hip OA are not 
completely understood (Soder & Aigner, 2011). 
Secondary hip OA is a heterogenic group of diseases that mainly lead to joint 
destruction by mechanical overload (for example (e. g). congenital5 malposition or 
participation in high impact sports) or the activation of destructive processes (e. g. 
induced by rheumatoid arthritis) (Soder & Aigner, 2011).  
A central assumption in the etiology of primary OA is that a predominance of 
catabolic factors leads to cartilage destruction in the long term (Soder & Aigner, 
                                            
4
 Idiophatic is an adjective meaning arising from an obscure or unknown cause (Dorland, 1985).  
5
 Congenital refers to conditions that are present at birth, regardless of their causation (Dorland, 
1985). 
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2011). Age-related degenerative changes in the cartilage and the chondrocytes6 
themselves are discussed as the initial causative factor. In addition, 
femoroacetabular impingement7 is considered an important factor that might lead to 
primary hip OA in younger and physically active adults (Ganz et al., 2003). 
1.1.3 Clinical symptoms and diagnosis  
Clinical symptoms 
Symptomatic hip OA is characterized by joint pain, joint stiffness, impaired range of 
motion of the hip joint, joint effusion, muscle weakness and atrophy as well as 
reduced physical function (Dagenais et al., 2009; Fransen et al., 2009; Imhof et al., 
2009). The individual manifestation of these symptoms varies among patients, and 
the situation generally deteriorates and progresses in episodes (Hackenbroch, 2002).  
Commonly, joint pain is the first symptom of hip OA. Subjects complain about groin 
pain, but also pain localized at the buttock, and referred pain at the lateral or anterior 
thigh, knee and occasionally at the ankle (Dagenais et al., 2009; Froböse et al., 
2003). In early stages of hip OA, pain is induced by exceptional and unusual strains, 
such as hiking, and often occurs the following night or morning accompanied by joint 
stiffness and hyperthermia. Normally pain disappears when subjects return to their 
normal activities and longer pain-free periods are reported (Hackenbroch, 2002). In 
later stages of the disease, painful periods become more frequent until pain is 
constantly present (Hackenbroch, 2002). Subsequently, patients are often not able to 
sleep through the night (Hackenbroch, 2002; Netter, 2001). The pathogenesis8 of 
pain in OA is not fully understood. Pain is considered to have several sources. In this 
context, trochantric bursitis9 which frequently occurs in hip OA and structures that are 
richly innervated with sensory fibers, such as the periosteum10, subchondral and 
marrow bone, are mentioned to be potential sources of pain in hip OA (Kidd, 2006).  
                                            
6
 Chondrocyte is a mature cartilage cell embedded in a lacuna within the cartilage matrix (Dorland, 
1985). 
7
 Femoroacetabular impingement refers to a condition of too much friction in the hip joint. An abnormal 
contact between the femoral head and the acetabular rim that occurs during terminal motion of the hip, 
may lead to lesions of the acetabular labrum and/or the adjacent acetabular cartilage (Ganz et al., 
2003) 
8
 Pathogenesis is the development of morbid conditions or of disease (Dorland, 1985) 
9
 Bursitis describes inflammation of the bursa, which is a sac or saclike cavity filled with a viscid fluid at 
places in the tissues at which friction would otherwise develop (Dorland, 1985) 
10
 Periosteum is specialized connective tissue covering all bones of the body, and possessing bone-
forming potentialities (Dorland, 1985) 
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Limitations in range of motion (ROM) of the hip joint are common. The onset of these 
impairments typically begins with a reduced terminal flexion movement. Limitations of 
hip internal rotation and abduction follow (Netter, 2001). As mentioned above, OA 
affects all structures of the hip joint. The degeneration of the joint capsule, which 
shortens (Cibulka et al., 2009) and becomes more rigid, is thought to be the leading 
cause of limitations in ROM (Hackenbroch, 2002). 
Furthermore, patients report joint stiffness in the morning (Altman et al., 1991) or 
subsequent to phases of inactivity, such as sitting on a chair (Netter, 2001). This 
stiffness is often accompanied by initial joint pain until stiffness decreases (Netter, 
2001). The reason for stiffness is currently unknown.  
As a consequence of the limitations in ROM and pain-related inactivity, hip muscle 
strength begins to decrease and muscle atrophy becomes evident (Netter, 2001). As 
the disease progresses, an antalgic gait often develops to minimize pain during 
locomotion or due to muscle weakness (Dagenais et al., 2009). Muscle weakness will 
be described in detail since it has a central position in this thesis (see Chapter 1.2.3). 
These impairments are associated with reduced physical function resulting in 
increased levels of physical disability (PD) (Felson et al., 2000a), low overall health 
status, and reduced quality of life (Altman, 2010). 
Diagnosis 
Hip OA is often diagnosed using clinical findings and medical imaging. Commonly, a 
radiograph is used to depict the affected hip under weight-bearing conditions. The 
most definitive sign of hip OA is joint space narrowing (Cibulka et al., 2009), which 
indicates a substantial loss of articular cartilage. Furthermore deformities, 
osteophytes and subchondral sclerosis are radiographic signs of hip OA (Imhof et al., 
2009; Vossinakis et al., 2001). Nevertheless, joint space narrowing does not 
necessarily correlate with clinical symptoms, and symptoms may be present although 
radiographic imaging is negative (Froböse et al., 2003; Hackenbroch, 2002), as early 
osteoarthritic joint changes cannot be visualized through radiographic images 
(Cibulka et al., 2009; Busija et al., 2010). 
The development of magnetic resonance tomography (MRT) enabled clinicians to 
image cartilage, synovial as well as periarticular structures. This allows a more 
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detailed analysis of the cartilage properties and detection of deficiencies in cartilage 
structure that may reflect early signs of hip OA. However, using MRT analysis to 
diagnose hip OA is rather uncommon, since other less expensive methods are 
suitable to assess hip OA. Nevertheless, MRT is an important diagnostic tool to 
exclude other diseases (Hackenbroch, 2002). 
A clinical tool to assess hip OA without medical imaging is the American College of 
Rheumatology criteria for the classification and reporting of hip OA (Altman et al., 
1991). A classification tree without radiographs was developed which includes two 
clusters of clinical findings (Table 2). The aforementioned test has a sensitivity of 
86% and a specificity of 75% (Altman et al., 1991). 
Additional diagnostic information may be gained from scores to determine the 
severity level of hip OA. A common instrument is the Western Ontario and 
McMasters University index (WOMAC) of hip and knee OA (Bellamy et al., 1988). 
This score refers to pain and stiffness of the affected hip joint and problems during 
activities of daily living (ADL) caused by the disease. 
 
Table 2: Clinical classification criteria for osteoarthritis of the hip (Altman et al., 1991) 
Hip pain and:  
                1. 
• age > 50 years 
• hip internal rotation ≥ 15° 
• pain during hip internal rotation  
• morning stiffness ≤ 60 minutes 
or 
                2. 
• hip internal rotation < 15° 
• erythrocyte sedimentation rate (ESR) ≤ 45 mm/h 
• if ESR not available, substitute hip flexion ≤ 115° 
 
1.1.4 Socioeconomic burden 
The hip is one of the most common joints to be affected by osteoarthritis (OA) (Zhang 
et al., 2005). Reduced mobility is a major consequence of the aforementioned 
symptoms of hip OA resulting in limited activities of daily living, a loss of 
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independence and increased levels of healthcare utilization (Dagenais et al., 2009). 
Furthermore, an increased risk of developing cardio-vascular diseases, obesity and 
other inactivity-related conditions are observed in patients with knee and hip OA 
(Felson et al., 2000b). Approximately 40% of all OA patients in the United States also 
have hypertension (Singh et al., 2002). Besides the impairments for the individual 
subject, a high economic burden goes along with the disease. It is proposed that all 
costs of OA account for up to 1-2.5% of the gross national product of western nations 
(Reginster, 2002). In the United States, 252,000 hip replacements were performed in 
2007 leading to costs of about 4 billion dollars (Murphy et al., 2010). Besides those 
costs related to surgical treatments, costs due to work-related losses and home-care 
can be attributed to OA (Bitton, 2009). The demographic development of western 
societies will lead to an increased number of people aged 65 and older. In Germany, 
it is expected that this age group will increase by about 33% from 16.7 million in 
2008, to 22.3 million persons in 2030 (Statistische Ämter des Bundes und der 
Länder, 2011). Experts agree that the demographic development and correlation 
between increasing incidence of hip OA and increasing age will exacerbate the 
already existing burden on the welfare and healthcare systems in upcoming years 
(Reginster, 2002). According to the Federal Statistical Office of Germany 
(Statistisches Bundesamt, Wiesbaden), hip OA was the main reason for treatment in 
prevention and rehabilitation facilities in the year 2005, affecting 7.3% of all 
documented patients (news aktuell - presseportal, 2012). Therefore effective and 
cost-efficient treatments are required to disburden welfare and healthcare systems 
(van Es et al., 2011). 
Summary chapter 1.1 
Osteoarthritis (OA) of the hip is a common and chronic disease among elderly 
people. Its pathological pathway is not fully understood. The major symptoms are 
pain, joint stiffness, impaired range of motion, muscle weakness resulting in 
increased levels of physical disability and reduced quality of life. A clinical 
assessment of hip OA without radiographic imaging is provided by the American 
College of Rheumatology criteria for the classification and reporting of hip OA. The 
degree of hip OA severity can be objectified using self-report instruments that reflect 
the impairments of patients in everyday life, such as the WOMAC questionnaire. The 
demographic development of western societies is associated with increasing social 
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and economic burden on society, and the welfare and healthcare systems. Cost-
efficient treatments are required to disburden these systems. 
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1.2 Hip muscle strength in osteoarthritis of the hip 
This chapter provides basic information on hip muscle strength (HMS), beginning 
with the major anatomic structures of the hip and the motions provided by the hip 
muscles. Then the general aspects of HMS, such as the definition of muscle strength 
and muscle weakness in hip OA, are addressed At the end of this chapter, certain 
aspects of isokinetic and isometric HMS measurements in hip OA will be elucidated. 
1.2.1 Anatomical and functional aspects of the hip and its muscles 
Hip joint 
The hip is the articulation of the thigh and pelvis and is one of the largest joints of the 
human body. The congruency of its bony structures provides high levels of stability 
and mobility (Diemer & Sutor, 2007). The bony structures of the hip joint are the 
acetabulum, which is part of the pelvis and the caput femoris, which is the femoral 
head at the proximal end of the femur. The articular surface of the acetabulum is the 
facies lunata. This semilunar shaped tissue is covered with articular cartilage. The 
acetabulum does not completely cover the femoral head. Therefore, the circular 
acetabular labrum envelopes the acetabulum and increases the size of the socket. 
The femoral head is spherical in shape, covered with articular cartilage. There is a 
dent in the dorsal-caudal quadrant, the fovea captis femoris which is the insertion of 
the ligament captis femoris connected to the fossa acetabuli. This ligament has no 
mechanical function (Platzer, 2009) but it includes an artery that supplies blood to the 
femoral head (Diemer & Sutor, 2007; Platzer, 2009).  
The hip joint is surrounded by a tight capsule-ligament system which can be 
considered as a functional unit to stabilize the joint. The joint capsule consists of thick 
and tight fibrous tissue and is filled with synovial fluid, called synovia. This viscous 
fluid resembling the white of an egg serves as a lubricant for the joint (Dorland, 1985) 
and is important in terms of cartilage nutrition (Hackenbroch, 2002). The hip is 
considered a ball-and-socket joint (Kummer, 2005; Hochschild, 2008), although the 
head of the femur is not a perfect sphere (Rydell, 1973). It has three motion axes; 
sagittal, coronal, and longitudinal. Subsequently, the hip joint provides movements 
into abduction, adduction (sagittal plane), flexion, extension (frontal plane), as well as 
internal and external rotation (transversal plane) (Hochschild, 2008). 
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Hip muscles  
The hip muscles enable joint motion, and they further harmonize joint loads and 
center the femoral head in the acetabulum. The function of the hip muscles can 
change depending on the position of the hip joint partners. Commonly, hip muscles 
are characterized by their major function, in other words the movement direction in 
which they are mainly involved. To categorize muscles into movement direction 
enables the relationship between several muscles and specific ADL or exercises in 
sports to be described. Typically, muscle strength refers not to a single muscle but to 
the muscle group providing a movement direction. The four movement directions, hip 
abduction (HAB), hip adduction (HAD), hip flexion (HF) and hip extension (HE) will be 
described as well as their contribution to normal gait11, thus illustrating their relation 
to activities of daily living. Hip internal rotation (HIRO) and hip external rotation 
(HERO) are not described, since the majority of muscles providing HAB, HAD, HF 
and HE are also involved in HIRO and HERO. 
Hip abduction (HAB) 
The gluteus medius, the cranial part of the gluteus maximus, and the tensor fascia 
lata are mentioned as the main muscles of HAB (Platzer, 2009). Both the gluteus 
maximus and the tensor fascia lata insert into the iliotibial tract, which is a 
reinforcement of the fascia lata and contributes to the stabilization of the knee joint. 
The hip abductors are often considered to be the most important muscles 
surrounding the hip joint because of their function as a pelvis stabilizer in the frontal 
plane during single-limb stance while walking (Widler et al., 2009). The highest 
activity of the hip abductors occurs during the loading response of the gait cycle 
(Götz-Neumann, 2006). This phase of the gait cycle is characterized by shock 
absorption during the floor contact and the shift of the body weight towards the 
forward leg. Weakness of the hip abductors is suggested to be a main reason for 
Duchenne gait12 and Trendelenburg gait13 in patients with hip OA (Widler et al., 
2009). 
                                            
11
 Electromyography was used to determine muscle activity during the gait cycle (Götz-Neumann, 
2006). 
12
 Duchenne gait is characterized by the trunk leaning laterally towards the side of the supporting leg 
(Götz-Neumann, 2006)  
13
 Trendelenburg gait is characterized by a dropping of the pelvis on the unaffected side (Götz-
Neumann, 2006). 
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Hip adductors (HAD) 
Hip adduction is mainly provided by the adductor magnus, adductor longus, adductor 
brevis and the caudal part of the gluteus maximus (Platzer, 2009). These muscles act 
opposite to the hip abductors and are necessary to stabilize the pelvis in the frontal 
plane during the terminal swing of the gait cycle. This phase of the gait cycle is the 
transition between swing and stance phases, where the forward leg is at its farthest 
position away from the body shortly before floor contact (Götz-Neumann, 2006)  
Hip flexion (HE) 
There are three major hip flexor muscles. The most powerful is the ilio-psoas muscle, 
consisting of the iliacus and the psoas major muscles. The two other muscles are the 
rectus femoris and the sartorius (Diemer & Sutor, 2007). While walking the hip flexors 
are most active during the initial swing of the gait cycle, in which the back foot leaves 
the floor and the thigh begins to swing forward (Götz-Neumann, 2006). 
Hip extension (HE) 
The most important hip extension muscle is the gluteus maximus. Further, the 
gluteus medius and minimus, and the hamstrings (ischiocruralis) also act as hip 
extensors (Platzer, 2009). The hip extensor muscles are most active during the 
loading response of the gait cycle (Götz-Neumann, 2006). 
1.2.2 General aspects of muscle strength 
During a muscle contraction, the smallest contractile proteins of a muscle, actin and 
myosin, intertwine like the fingers of folded hands. This process is initialized by an 
electrical stimulus conducted by a nerve fiber and transferred by the motor end plates 
to corresponding muscle fibers14 which release calcium in the muscle cells (De 
Marée, 2003). Subsequently, calcium induces the muscle contraction through a 
chemical process which enables the small myosin heads to attach to the actin and 
pull along the actin filament. This repeated process is termed cross-bridging cycle 
(Plowman & Smith, 2003).  
Muscle strength is the capacity of a muscle to produce force and generate active 
tension by contraction (Gaines & Talbot, 1999) and refers to maximum force 
                                            
14
 A motor unit consists of the nerve fiber, motor end plates and the corresponding muscle fibers 
(Hollmann & Strüder, 2009) 
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production (Dvir, 2004; Puthoff & Nielsen, 2007). Muscle strength can be subdivided 
into static and dynamic muscle strength. In the case of static strength, the muscle-
tendon unit does not change its total length, while dynamic muscle strength is 
characterized by the muscle shortening and lengthening (Hollmann & Strüder, 2009). 
Furthermore, the term strength is associated with the rotational effect of the force, 
generated by a single muscle or a muscle group, around a joint resulting in the 
moment. The term strength commonly refers to peak moment or peak torque (Dvir, 
2004). 
Muscle strength depends on several factors, which are related to different 
dimensions of muscle strength. While some factors are primarily linked to the 
maximum amount of muscle strength, others are mostly associated with the ability to 
sustain muscle strength over time or to the velocity by which strength can be 
produced. According to Hollmann (Hollmann & Strüder, 2009), muscle strength is 
related to the functional muscle diameter (cross-sectional area), the number of 
muscle fibers, muscle structure and biochemical properties, coordination, motivation, 
mechanical muscle properties (muscle length and contraction angle), age, gender 
and circadian variations. Further, the factors motor unit recruitment, firing frequency, 
synchronization, inter- and intramuscular coordination, mode of muscle contraction 
(eccentric, concentric or isometric muscle contraction), and energy supply are related 
to muscle strength (De Marée, 2003; Froböse et al., 2003). The following remarks will 
elucidate some of the above-mentioned factors influencing muscle strength since 
they are specifically relevant within the scope of this thesis. The term muscle strength 
or peak torque is related to maximum voluntary contraction (MVC) in the context of 
this work.  
Mode of muscle contraction 
As mentioned above, muscle strength can be differentiated into different modes of 
muscle contraction: Static and dynamic muscle action. Dynamic muscle action is 
further subdivided into dynamic concentric and eccentric muscle action. During 
isometric muscle contraction, the muscle acts against an immovable resistance and 
the muscle tendon-unit does not change its length. A concentric muscle contraction is 
characterized by the muscle-tendon shortening and overcoming external resistance. 
Eccentric muscle contractions occur when the muscle-tendon unit is lengthened while 
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being overcome by external resistance. The amount of muscle strength depends on 
the contraction mode with the greatest strength occurring in the eccentric mode, 
followed by isometric contractions and the least strength resulting from concentric 
muscle contractions (Dvir, 2004). 
Muscle length (tension-length relationship)  
Muscle length refers to the joint angle position of the corresponding joint. Different 
angle positions of a joint induce differences in the overlapping area of the actin-
myosin complex and differences in passive tension produced by the non contractile 
elements of the muscle15. The greatest strength can be achieved in an angular 
position where the overlapping area of actin in myosin provides the highest amount 
of cross bridges. This position is mainly around the normal resting position of a 
muscle (Dvir, 2004).  
Motivation 
A person’s motivation clearly influences muscle strength (Hollmann & Strüder, 2009; 
Dvir, 2004; Gleeson & Mercer, 1996). A study investigating the effects of low and 
high motivation in a population of trained male subjects on isometric arm flexor 
strength found increases in isometric muscle strength up to approximately 20% when 
motivation was high. Therefore non-motivated subjects should not be included in 
muscle strength assessments (Hollmann & Strüder, 2009). 
Circadian variation in muscle strength 
A distinct relationship between muscle strength performance and time of day is 
described in several studies (Atkinson & Reilly, 1996; Giacomoni et al., 2005). 
Although the reasons are not completely understood, a substantial part of this 
variation might be attributed to motivation which varies over the course of the day. 
Less circadian variation in muscle strength is reported when muscle strength 
measurements are determined using additional superimposed electrical twitches. 
This electrical stimulus supports muscle contraction and reduces the influence of 
subjects’ motivation (Giacomoni et al., 2005). 
                                            
15
 Some non-contractile elements of a skeletal muscle are tendons, intramuscular conjunctive tissue 
and fascia (De Marée, 2003) 
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1.2.3 Hip muscle weakness and muscle imbalances 
Common findings in hip OA are weak hip muscles compared to age-matched healthy 
subjects (Arokoski et al., 2002; Rasch et al., 2005) and to the unaffected side, if 
unilateral hip OA is present (Rasch et al., 2010; Shih et al., 1994; Suetta et al., 2007). 
This weakness is thought to be the result of disuse atrophy, arthrogenous muscle 
inhibition16 (Arokoski et al., 2002), and a decline of muscle density17 which implies 
the infiltration of non-contractile components18 in the muscles of the OA limb (Rasch 
et al., 2010). As hip muscle strength contributes to hip joint loading (Kummer, 2005), 
Shih et al. 1994 argue that “[…] any muscular weakness around the hip joint, 
especially the hip abductors, will change the hip joint forces and lead to joint 
instability” (Shih et al., 1994, p. 118). According to Kummer (Kummer, 2005), hip 
muscle imbalances may even cause hip OA. Increased force development of the hip 
abductors, induced by a hypertension of the iliotibial tract, might lead to the 
disproportionate distribution of hip joint pressure. Consequently, the pressure in the 
lateral part of the acetabulum may increase substantially and result in idiopathic hip 
OA. This is considered to be one specific pathway of primary / idiopathic19 hip OA 
(Kummer, 2005).  
Muscle weakness of the quadriceps femoris muscle is even suggested to be a risk 
factor for developing knee OA (Slemenda et al., 1998). Baseline lower limb muscle 
weakness has been associated with greater cartilage loss at the knee in a 2-year 
follow-up study investigating a cohort largely without radiographic knee OA at study 
onset (Ding et al., 2008). The indications from studies evaluating the role of muscle 
strength in knee OA (Ding et al., 2008; Slemenda et al., 1998) and animal studies 
(Herzog & Longino, 2007) suggest the assumption of a similar role of muscle strength 
in other OA joints (Valderrabano & Steiger, 2011). It is hypothesized that weak 
muscles lose their protective properties, and excessive joint movement and instability 
leading to increased joint strains makes the cartilage more prone to damage 
(Valderrabano & Steiger, 2011). However, there is currently no evidence whether hip 
muscle weakness or muscle imbalances induce hip OA or trigger the progression of 
                                            
16
 Arthrogenous muscle inhibition emerges by changes of the afferent information caused by the 
damaged joint, resulting in reflex inhibition of the muscles moving the affected joints (Pap et al., 2000). 
17
 Muscle density has been assessed using computer tomography (Rasch et al., 2007). 
18
 An increase in adipose tissue accumulation around muscle concomitant is associated with a 
reduction in oxidative enzyme capacity and insulin resistance (Goodpaster et al., 2001). 
19
 This is supposed to be an example of idiopathic hip OA, since no anatomical malposition has been 
present (Kummer, 2005).  
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the disease. Nevertheless, experts opine that “well-conditioned muscle and muscular 
balance are needed to attenuate impact loads, provide joint stability, and support 
function and independence” (Felson et al., 2000b, p. 729). 
However, the role of muscle weakness in hip OA is not clear. On the one hand it 
belongs to the symptoms of hip OA (see chapter 1.1.3), mainly caused by inactivity. 
On the other hand its role in the development and progression of the disease is 
discussed. 
1.2.4 Assessment of hip muscle strength  
Hip muscle strength is assessed by measuring the strength that can be generated 
into the four movement directions of the hip, described in the anatomical section 
above (see 1.2.1). Several methods and instruments are available to assess muscle 
strength in humans. There are subjective20, semi-objective21 and objective22 methods 
as well as methods (Hollmann & Strüder, 2009) without technical instruments and 
those in which technologically sophisticated instruments are utilized to determine 
muscle strength (Dvir, 2004; Froböse et al., 2003).  
Today, isokinetic dynamometers are considered to be the gold standard in muscle 
strength testing (Clarke et al., 2011; Stark et al., 2011). These devices enable both 
static and dynamic strength measurements. Dynamic (isokinetic) assessments of 
muscle strength are characterized by motions of constant angular velocity23 during 
the measurements controlled electronically by the isokinetic device. Furthermore, 
these instruments allow muscle strength in isometric, concentric and eccentric modes 
of muscle contraction to be measured. However, these measures belong to the semi-
objective methods as they are highly dependent on additional factors such as 
subjects’ motivation and compliance. High levels of standardization are required to 
achieve reliable measures (Dvir, 2004). 
The following section deals with the methodological quality criteria of objectivity, 
reproducibility, and validity. In isokinetic and isometric strength measurements, these 
                                            
20
 Subjective methods determine muscle strength by visual observation or palpation (Hollmann & 
Strüder, 2009). 
21
 Semi-objective methods determine muscle strength as reactive force produced at distal body 
segment (Hollmann & Strüder, 2009). 
22
 Objective methods determine muscle strength by measuring a muscle’s circumference (Hollmann & 
Strüder, 2009). 
23
 Except for the acceleration and deceleration in the beginning and at the end of ROM (Dvir, 2004). 
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terms have been the interest of numerous scientific studies (Ford-Smith et al., 2001; 
Gur et al., 1999; Sole et al., 2007; Wang et al., 2002), especially in relation to clinical 
settings (Adsuar et al., 2011; Eitzen et al., 2012; Germanou et al., 2007; Hsu et al., 
2002; Rasch et al., 2005; van der Linden et al., 2004)24. However, in the case of hip 
OA only two studies have been found (Arokoski et al., 2002; Pua et al., 2008). 
Objectivity 
The objectivity of isokinetic and isometric strength measurements refers to the 
degree to which these measurements are free from subjective influences of the test 
administration (Gleeson & Mercer, 1996). Standardization of all aspects of test 
administration, including the rater’s behavior, familiarization procedures, test position, 
fixation of the involved body segments delivery, and content of test instructions 
enhance objectivity (Gleeson & Mercer, 1996). 
Reproducibility 
Reproducibility characterizes the precision or reliability of measures. It refers to the 
extent to which repeated measurements under the same conditions reveal the same 
results (Gleeson & Mercer, 1996). To interpret repeated isokinetic and isometric 
strength measures, it is essential to know the degree of reproducibility, in order to 
judge whether a true change in muscle strength occurred or if the change is within 
the normal variation of this measure, expressed by the measurement error (ME) 
(Dvir, 2004).  
A common measure to quantify the ME is the standard error of measurement (SEM), 
which allows the smallest real difference (SRD) to be calculated that has to be 
exceeded in order to judge whether a real change can be assumed in a repeated 
measurement of an individual subject (Altman, 1991a). Additionally, a graphical tool 
to evaluate variability of repeated measurements is the depiction using Bland and 
Altman plots. These plots show the mean difference between two measurements and 
their corresponding mean in one plot. This enables one to see whether bias is 
present or whether the data depends on the measurement’s amount; this is defined 
as heteroscedasticity. Furthermore, heteroscedasticity can be evaluated calculating 
                                            
24
 These citations are all from the Journal Archives of Physical Medicine and Rehabilitation. This 
indicates the plethora of literature regarding reproducibility of isokinetic and isometric strength 
measurements. 
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the pearsons-product-moment-correlation coefficient between intra-subject standard 
deviation of repeated measures (test and retest) and their corresponding mean value. 
Maiwald and colleagues suggest a threshold of r=0.7 for defining data as 
heteroscedastic (Maiwald, 2008). 
Validity  
Validity of a measurement is the degree to which the measurement is able to 
measure what it purports to measure (Gleeson & Mercer, 1996). Validity is further 
dependent on the two criteria objectify and even more on reproducibility.  
A specific kind of validity is predictive validity which is important in clinical settings. In 
the case of strength measures, predictive validity refers to the relationship of strength 
measures and clinical variables (Gleeson & Mercer, 1996). For example, weak 
quadriceps strength is supposed to be a risk factor for developing knee OA 
(Slemenda et al., 1998).  
In isokinetic and isometric strength measures this aspect of validity is often 
questioned. Isokinetic motion is artificial and does not appear in real life (Kannus, 
1994) and isometric muscle performance determined in a specific joint angle does 
not reflect muscle function during motion (Weineck, 2002), which is common in 
everyday life. However, several studies have reported the relationship between 
isometric and isokinetic strength measures and functional measures, such as gait 
parameters (Broekmans et al., 2012; Burnfield et al., 2000) or the risk of knee injury 
(Kannus, 1989). 
In addition to these general aspects of isokinetic and isometric strength 
measurements, measurements at the hip and in patients with hip OA provide several 
difficulties. The following section will describe the difficulties of these measurements 
due to the hip joint’s anatomical structure, localization in the body, and in hip OA. 
Body position 
The anatomical structure of the hip and its muscles enable a variety of body positions 
in which HMS can be assessed (Barbic & Brouwer, 2008; Dvir, 2004; Widler et al., 
2009), and there is no consensus on which body position should be applied. For 
example, the strength of the hip abductor and adductor muscles may be tested in a 
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supine, lateral, standing, or seated position (Dvir, 2004). Assessments in a standing 
position may be seen as the most functional body position to determine HMS (Dvir, 
2004). However, in this position stabilizing the alignment of the biological and 
mechanical axes is difficult. Subjects have to keep their foot and the knee angle of 
the standing leg in the same position and they have to stabilize the pelvis in a neutral 
position by contracting the hip muscles of the standing leg (Dvir, 2004). A study by 
Widler and colleagues (Widler et al., 2009) compared three different body positions in 
which hip abduction was measured. Their main result was that hip abductor strength 
is reduced in a supine and standing position due to increased activation of the contra 
lateral hip abductor muscles. Further, the best test-retest reliability has been found 
during the assessment of hip abduction strength in a sideling position. 
Fixation 
Fixation of the body is a critical factor affecting reliability and validity of isokinetic 
strength measurements (Kannus, 1994; Dvir, 2004). Inadequate fixation leads to a 
change of the pelvis position which alters mechanical muscle mechanism by 
changing the muscle’s length-tension relationship. Such changes may limit or 
increase the forces that the hip muscles can apply to move the thigh and thus the 
true performance would be miscalculated (Hart et al., 1984). The hip joint is 
embedded into the pelvis and located close to the lower spine. Both structures are 
able to move and therefore change the position of the hip joint in relation to the 
center of rotation of the dynamometer. Fixation mechanisms of the hip joint must 
consider the movements induced by these structures. 
Torque overshoot 
The torque curve of isokinetic measurements often inhibits a prominent initial spike 
that may be followed by torque oscillations of decreasing amplitudes (Sapega et al., 
1982). This spike represents a torque overshoot due to inertial forces during the 
acceleration of a dynamic isokinetic movement. It is a reaction of the dynamometer to 
the overspeeding limb-leverarm (Baltzopoulos & Brodie, 1989). These peaks do not 
reflect true muscle strength (Sapega et al., 1982; Dvir, 2004) and have to be 
eliminated from data analyses. In the case of HMS measurements with the fixation 
cuff at the distal part of the thigh, the oscillating mass (shank) producing these torque 
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overshoots is great25. Reducing the applied angular velocity during dynamic HMS 
measurements is an option for reducing torque overshoots. Torque curves of higher 
velocities are characterized by increased overshoot inconsistencies (Dvir, 2004). 
During isometric muscle strength assessment slow and continuous development of 
muscle strength is recommended (Gallagher et al., 1998), which reduces torque 
overshoot. 
Health status 
A factor that has not been ascribed much importance is the health status of the 
tested individual. A study by Newton and colleagues (Newton et al., 1993) found 
pronounced learning effects in patients with low back pain when repeated isokinetic 
strength measurements at the trunk were conducted. The authors argued that the 
increased strength values at the second test occasion might be attributed to the 
patients improved test technique and the experience that pain may not occur or may 
be lower than they expected during these measurements. This might contribute to 
higher measurement errors and therefore lower reproducibility in this patient group. 
This is an aspect that has to be considered when applying HMS measurements in 
patients with hip OA. These patients may experience pain and apprehension, which 
could be triggered by increased joint loads (Netter, 2001). Furthermore, impairments 
of range of motion (RoM) are a typical finding in patients with hip OA (Altman et al., 
1991). The applied range of motion of isokinetic measurements may have to be 
adjusted to this limitation. Additionally, the applied angle position of isometric 
measurements has to be adjusted to large impairments in RoM as well. 
Currently, only few studies have investigated the reproducibility of isokinetic and 
isometric HMS measures in patients with hip OA (Arokoski et al., 2002; Pua et al., 
2008). Additionally, these studies only evaluated whether HMS measures are 
reproducible and did not focus on differences between hip OA patients and healthy 
subjects. 
 
 
                                            
25
 In the case of measurements at the knee the torque overshoot inducing mass is only the foot. 
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Summary chapter 1.2 
The hip joint is formed by the articulation of the proximal femur and the acetabulum. 
Hip muscles are allocated according to their major functional movement direction. 
Muscle strength can be subdivided into static and dynamic (concentric and eccentric) 
muscle strength referring to different modes of muscle contraction. Hip muscle 
weakness is a common finding in patients with hip OA. The role of hip muscle 
weakness in the onset and progression of the disease is unclear. Finally, isokinetic 
and isometric hip muscle strength measurements provide several difficulties in 
contrast to measurements at other joints, such as the knee joint. Although hip muscle 
strength is related to physical performance little is known about the precision of 
isokinetic and isometric HMS measures, especially in the clinical population of hip 
OA. 
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1.3 Physical disability in hip OA 
1.3.1 General aspects of physical disability in hip OA 
Everyday life in patients with hip OA is affected by cumulative disease-specific and 
age-related impairments (Rogers et al., 2003). In hip OA increased levels of physical 
disability (PD) are frequently reported that are beyond those reported in age-matched 
healthy subjects (Dekker et al., 1993; Dekker et al., 2009; Felson et al., 2000a; 
Steultjens et al., 2000; Steultjens et al., 2001). Experts refer to a substantial impact of 
OA on PD (Felson et al., 2000a). 
Disability is an umbrella term for impairments, activity limitations and participation 
restrictions (world health organization, 2012). PD in hip OA refers to limitations in 
activities of daily living (ADL) that primarily involve the lower extremities, such as 
walking, climbing stairs, rising from and sitting down on a chair, but also dressing and 
bathing, shopping for food and managing finances (Rogers et al., 2003). The results 
from a nationwide survey in France found limitations in ADL, leisure activities, or work 
in over 80% of symptomatic patients with hand, hip, or knee OA. Further, substantial 
limitations compared to age and sex-matched controls are reported for mobility 
outside the home, house cleaning, dressing oneself, and sports. In OA patients who 
were still working limitations in their job duties were significant (Fautrel et al., 2005).  
 
A review by Dekker and colleagues published in 2009 proposed several risk factors 
of PD in knee and hip OA, mainly evaluated cross-sectional studies. These factors 
included pain, impaired ROM, hip muscle weakness, comorbidity, psychological 
factors and social factors, age related factors such as cognitive and visual 
impairments, body mass index (BMI), health behaviors and sociodemographic factors 
(Dekker et al., 2009). However, the included studies used different assessment tools 
of PD and most of the above mentioned studies either referred to patients with knee 
and hip OA or more often only to knee OA patients. In an earlier article from 2000, 
which is a summary of a NIH conference “Stepping Away from OA: Prevention of 
Onset, Progression, and Disability of Osteoarthritis”, similar factors were proposed to 
be related to PD in knee and hip OA (Felson et al., 2000a). Nevertheless, the studies 
reviewed in this article were again most often related to knee OA or in some cases to 
knee and hip OA, but only one study referred to patients with hip OA (Felson et al., 
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2000a). This leads to the conclusion that the relationship between factors associated 
with PD in hip OA are less understood, since the number of studies is limited. 
Investigating these factors of PD in hip OA is important. A detailed understanding of 
these factors and their relationships may provide essential information for developing 
preventive and therapeutic strategies (Felson et al., 2000a; Juhakoski et al., 2008; 
Steultjens et al., 2000; Burns et al., 2007). 
1.3.2 Assessment of physical disability in hip OA 
PD can be assessed by self-reported instruments, observations and performance-
based measurements (Rogers et al., 2003). The assessment using self-reported 
instruments is a subjective and client-centered approach to determine PD. Studies 
that assess PD in hip OA use disease-specific instruments (Rogers et al., 2003; van 
Dijk et al., 2009), such as the physical function subscale of the WOMAC 
questionnaire26, and general health questionnaires, such as the Health Assessment 
Questionnaire (Rogers et al., 2003) or Short Form-36 (Kao et al., 2012). 
In the case of observation-based instruments of proxy reporting, more objective and 
performance-based assessment tools are provided. An investigator estimates PD 
using standardized assessment scales while patients are carrying out ADL in a 
clinical or naturalistic (at home) setting (Rogers et al., 2003).  
Finally, performance tests are applied to assess PD in hip OA. Examples of these 
performance tests are the six-minute walk test and the Timed Up & Go (Burns et al., 
2007; Juhakoski et al., 2008), but test batteries of several performance tests are also 
applied (Bean et al., 2011; Rogers et al., 2003). In addition, individual components of 
physical performance, such as sensorimotor function (Lin & Lin, 2005), muscle 
strength or postural control measurements (Rantanen et al., 1999) are used to judge 
a persons’ level of PD. 
There is a variety of available PD assessment tools. The assessment using different 
tools may lead to different results (Rogers et al., 2003). Subsequently, if PD is 
determined in a study it is important to describe the details of the assessment tool. 
 
                                            
26
 The WOMAC physical function subscale refers to problems during ADL due to hip OA (Bellamy et 
al., 1988) 
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Summary Chapter 1.3 
Physical disability (PD) in hip OA refers to the dysfunction of the lower extremities 
and is frequently reported in hip OA. Several factors of hip OA are associated with 
PD. The knowledge of which factors are most important with regard to PD is 
insufficient. A detailed understanding of these factors and their contribution to PD 
may provide essential information to manage PD in hip OA. PD in hip OA can be 
assessed either by physical performance tests, observations, or self-reported 
disease-specific measures. 
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1.4 Exercise therapy in hip OA 
1.4.1 Efficacy of exercise therapy 
Exercise therapy (ET) is a common treatment for patients with hip OA and is 
recommended in international guidelines for the management of OA (Zhang et al., 
2010; Cibulka et al., 2009). ET belongs to a broad range of conservative treatment 
options in hip OA. Its effectiveness on pain is considered to be comparable to the 
effects of nonsteroidal anti-inflammatory drugs (NSAIDs). In contrast to 
pharmacological treatments, ET appears to be safe and to improve joint function 
through a direct effect on the muscles (Bischoff & Roos, 2003; Hernandez-Molina et 
al., 2008). Pharmacological treatments are not necessarily associated with 
improvements in physical function (Bischoff & Roos, 2003), and the use of NSAIDs in 
the long term might lead to peptic ulcer and renal toxicity (Felson et al., 2000b). 
Evidence of contraindication of ET for hip OA has not been reported. Serious adverse 
events, such as falls or fractures, appear to be rare, and cardiac co-morbidities seem 
to be more restrictive factors of ET in hip OA than hip OA itself (Roddy et al., 2005). 
Another aspect that is intercessional to ET is a reduction of cardio-vascular risk 
factors due to increased physical activity (Nelson et al., 2007).  
Three meta-analyses reported a pain reducing effect of ET in hip OA (Fransen et al., 
2009; Hernandez-Molina et al., 2008; Fransen et al., 2010). The most recent meta-
analysis by Fransen and colleagues concluded: “Currently there is only silver level 
evidence (one small RCT) supporting the benefit of land-based therapeutic exercise 
for people with symptomatic hip OA in terms of reduced pain and improved physical 
function. The limited number and small sample size of the included RCTs restricts the 
confidence that can be attributed to these results” (Fransen et al., 2010, p. 613). 
Fransen and colleagues further pointed out that there is the “need for adequately 
powered randomized control trials to evaluate the effectiveness of exercise for people 
with hip OA” (Fransen et al., 2009, p. 7). 
The RCTs that have been included in these meta-analyses showed heterogeneity of 
the applied exercise interventions. This reflects another aspect of ET in hip OA, 
namely the lack of knowledge of an optimal exercise regimen (Fransen et al., 2009). 
In agreement with this, Zhang and colleagues criticize that exercise treatments 
beneficial to patients with knee OA were simply adopted for hip OA (Zhang et al., 
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2005). They further underline that “[…] more clinical trial data specific to hip OA are 
required, especially because some interventions appear to show different efficacy 
according to the joint site” (Zhang et al., 2005, p. 679). Despite the uncertainty about 
which kind of exercises are to be preferred in patients with hip OA, some indications 
exist that favor strengthening exercises. Several case reports and smaller studies 
have shown beneficial effects after strengthening exercises, such as reducing pain, 
improving physical function and activity of daily living as well as quality of life, in 
patients with hip OA (Fernandes et al., 2010; Gilbey et al., 2003). Despite the 
heterogeneity in exercise modalities of the studies reviewed in the above-mentioned 
meta-analyses, most of the studies included elements of strengthening exercises. 
Therefore, it is suggested that at least some elements of muscle strengthening 
should be included in ET for patients with hip OA (Hernandez-Molina et al., 2008). 
1.4.2 Strengthening exercises in hip OA 
The effects of a strengthening exercise program (SEP) in healthy subjects are 
described by many authors and textbooks (De Marée, 2003; Diemer & Sutor, 2007; 
Froböse et al., 2003). In healthy subjects, a benchmark of about 60% to 70 % of the 
maximum voluntary contraction (MVC) should be exceeded in order to induce gains 
in muscle strength by neural and morphological adaptations (Dvir, 2004; Kristensen & 
Franklyn-Miller, 2011). In older healthy subjects, an SEP is able to reduce or prevent 
sarcopenia27, especially if higher exercise intensities are applied (Mayer et al., 2011). 
A recent review article by Kirstensen and Franklyn-Miller (Kristensen & Franklyn-
Miller, 2011) investigated the effects and modalities of strengthening exercise 
programs (SEPs) in several clinical populations. They found SEPs to be feasible in 
several clinical populations, even when higher exercise intensities were applied (> 
70% MVC). Increased muscle strength, reduced pain and increased physical function 
from SEPs in patients with chronic lower back pain, chronic tendinopathy28, knee OA, 
in the rehabilitation of anterior cruciate ligament reconstruction, and after total hip 
joint replacement are reported (Kristensen & Franklyn-Miller, 2011). Progressive 
strengthening exercise programs (PSEPs) and higher exercise intensities (~70% of 
one repetition maximum29) tended to be more efficient. However, possible effects of 
                                            
27
 Sarcopenia refers to the age-related loss of muscle mass resulting in unacceptably low muscle 
mass values (Janssen, 2011). 
28
 Tendinopathy refers to a disease of a tendon (Dorland, 1985) 
29
 One repetition maximum refers to capacity of a muscle to raise a load by one maximum repetition 
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strengthening exercises in patients suffering from hip OA were not reported in this 
review article (Kristensen & Franklyn-Miller, 2011). This again reflects the above-
mentioned gap in scientific literature arising from a lack of high quality studies that 
evaluate the effects of strengthening exercises in hip OA (Fransen et al., 2010). 
Structure of progressive strengthening exercise programs in hip osteoarthritis 
In healthy older adults, it is evident that a progressive strengthening exercise 
program (PSEP) is effective to increase muscle strength and to improve performance 
of ADL (Liu & Latham, 2009). These exercise programs are characterized by 
gradually increasing intensity throughout an SEP (Ratamess et al., 2009). In 
rehabilitation, this approach is presumed to be a key element for the safe application 
of strengthening exercises. Gradual increases in exercise intensity enables patients 
to become accustomed to heavier weights (Froböse et al., 2003; Kristensen & 
Franklyn-Miller, 2011). 
Froböse and Lagerstrøm (Froböse et al., 2003) proposed a 5-step model of muscle 
training. This model follows the principals of progressive exercising and shows a way 
to apply PSEPs in a rehabilitation setting with clinical populations. This might be a 
basis for developing a suitable PSEP in patients with hip OA, as well.  
Step 1 - Activation and innervation: 
This step can be summarized as improving body perception and coordination. The 
aims are to stimulate lost motion patterns and to improve intermuscular coordination 
in terms of a better muscle economy. The exercise intensity is about 30% of MVC 
and therefore distinctively below the benchmark of neuro-muscular adaptations. The 
focus is on training a high quality motion sequence. 
Step 2 - Improving local muscle endurance: 
The focus of step 2 is on improving local muscle endurance by increasing local 
muscle carbohydrate deposits and local aerobic capacity. The major aims are to 
resist early muscle fatigue and to economize muscle performance. The applied 
exercise intensity is should be about 30-40% of MVC with 20 to 40 repetitions and 
several series. 
Step 3 - Increasing cross-sectional area: 
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The focus of this step is to reduce muscle atrophy. Therefore, stressable structures 
are required that persist during the increase in exercise intensity. The aims are to 
increase the cross-sectional area of a muscle by inducing hypertrophy. Exercise 
intensity should be about 40 to 70% MVC with 8 to 15 repetitions. Several series are 
proposed (2-6).  
Step 4 - Improving neuro-muscular performance: 
This step refers to the increases in cross-sectional area induced by step 3. The aim is 
to improve muscle coordination and economize performance of the increased muscle 
strength, achieved by increasing firing frequency and motor unit recruitment of 
muscle fibers. Exercises of 75 to 100% MVC are applied. The number of repetitions 
is low (1-6) with 3 to 6 series per exercise.  
Step 5 - Development of variable and situation-dependent and independent muscle 
performance: 
During this step, muscle training is adapted to the special needs of a patient. The aim 
is to implement the increased muscle performance into ADL (Froböse et al., 2003). 
Content of strengthening exercises programs in hip osteoarthritis 
Although reduced hip abductor strength is a common finding in hip OA (see chapter 
1.2.3), there are no empirical data that show an increased muscular weakness or 
impairment of the hip abductors in comparison to the other muscle groups of the hip. 
A recent study by Youdas and colleagues even concluded that a test to evaluate the 
Trendelenburg gait was not sufficient to predict hip abductor weakness (Youdas et 
al., 2010). Therefore, exercises should be well-balanced between hip abduction 
(HAB), hip adduction (HAD), hip flexion (HF) and hip extension (HE) muscles, since 
several studies have shown reduced hip muscle strength in all of these movements 
of the hip joint (Arokoski et al., 2002; Rasch et al., 2007; Rasch et al., 2010). 
 
Mode of delivery of strengthening exercise programs in hip osteoarthritis 
There is no evidence whether progressive strengthening exercise programs should 
be delivered in a home-based or institutional setting in patients with hip OA 
(Ashworth et al., 2005). As mentioned previously, evidence of the effectiveness of 
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exercise therapy in hip OA refers to a limited number of RCTs. The applied exercise 
programs in these RCTs differed in type and mode delivery (Fransen et al., 2009). 
One intervention applied Tai Chi (Fransen et al., 2007) while others favored 
calisthenics programs (mixture of strengthening, stretching and aerobic exercises) or 
hydrotherapy (Foley et al., 2003). Most of the interventions were supervised group-
based interventions with some of them offering additional home-exercises (Tak et al., 
2005). Thus, a possible effect of the mode of delivery of an applied exercise program 
to patients with hip OA is not known. Pelland already stated in 2004 that optimal dose 
and mode of delivery in exercise therapy for patients with hip OA may be a field of 
future research (Pelland et al., 2004). Although home-exercise programs are 
considered to be a low cost modality of maintaining physical performance 
(Capodaglio et al., 2002), cost effectiveness in contrast to center-based programs is 
not evident (Jolly et al., 2006). However, home-based programs appear to be 
superior to center-based programs in terms of exercise adherence in the long-term 
(Ashworth et al., 2005). 
Summary 1.4 
Exercise therapy (ET) is thought to be an efficient treatment in knee and hip OA, 
alleviating pain and decreasing physical disability (PD). However, there is only silver-
level evidence for the effectiveness of land-based exercise regimes in hip OA, as 
joint specific studies are rare. According to the current state of research, a 
progressive strengthening exercise program (PSEP) might be one of the most 
efficient types of exercises applied in hip OA. Exercise intensity should exceed the 
benchmark of about 60 to 70% maximal voluntary contraction (MVC). Furthermore, 
the focus of the exercises should not be restricted to one or two movement directions 
of the hip. All movement directions of the hip should be considered during the training 
period, since all of them show deficits in muscle strength. Only limited data are 
available as to which mode of delivery of strengthening exercises is most effective. 
Home-exercise programs are important for long-term treatment in hip OA.  
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1.5 Context of the thesis 
The following section describes the context of this doctoral thesis: A superordinated 
research project of the OsteoArthritisGroup (OAG). In addition, supplementary 
methodological details that could not be described in the research papers will be 
given. 
1.5.1 OsteoArthritisGroup (OAG) 
At the end of 2007, a research group, the OAG, was established in the Department of 
Sports Medicine of the University of Tuebingen. The focus of the OAG is the 
evaluation of exercise therapy (ET) in patients with hip and knee OA. Additionally, 
there is a close cooperation between the OAG and a preventive sports society called 
“Präventionssportverein Tübingen e. V.”. This society offers preventive and 
rehabilitative sports to older subjects. A therapeutic exercise concept called “Hip 
School” is one of the core elements of this society and was established in 1996 in 
cooperation with the Department of Sports Medicine of the University of Tuebingen. 
Hip School is a group-based exercise therapy program with weekly institutional 
supervised exercise sessions for patients with hip OA and patients after total hip joint 
replacement (THR). This therapeutic concept has been well established and has 
become increasingly popular with the local population. Today, there are more than 20 
therapeutic groups in and around Tuebingen, Germany. From 1996 to 2007, several 
smaller and non-randomized studies were conducted to evaluate efficacy of this 
program for patients with hip OA and after THR (Boeer et al., 2010; Horstmann et al., 
2001). “However, its efficacy has not yet been demonstrated in a randomized 
controlled trial using generally accepted measures” (Krauss et al., 2011, p. 2).  
The aim of the OAG was to evaluate the efficacy of Hip School on reducing pain and 
increasing physical function in patients with hip OA and to address the lack of high 
quality papers dealing with exercise therapy in hip OA. Figure 1 presents the 
scientific workflow of the OAG from November 2007 until April 2012. 
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Figure 1 Workflow of the OsteoArthritisGroup research project 
 
Three studies that are the basis of this doctoral thesis were embedded in the 
scientific research of the OAG. Below, the concrete integration of these studies into 
the overall OAG research project will be explained. 
OAG phase I – study 1 
Study number 1 (S1) investigated the reproducibility and feasibility of isokinetic and 
isometric hip muscle strength (HMS) measures in patients with hip OA. This study 
was part of the first phase of the OAG project which generally aimed at establishing a 
measurement set up with objective, reproducible and feasible measurements for 
patients with hip OA. 
OAG phase II – study 2 
During study number 2 (S2), a supplementary progressive home-based 
strengthening exercise program (PHSEP) was approved to optimize Hip School, 
which consisted of a weekly institutional exercise session. Optimization was related 
to the feasibility of the program for hip patients, its potential to increase HMS and 
subjects’ proper use of exercise logs and exercise descriptions. The theoretical basis 
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of the applied PHSEP is given below, since it could not be described extensively in 
the research paper itself due to space restrictions of the journal. 
The PHSEP was designed on the basis of the 5-step model by Froböse and 
Lagerstrøm (Froböse et al., 2003), introduced in Part I (see chapter 1.4.2). Some 
modifications have been made since the PHSEP was carried out mainly at home. 
Furthermore, maximal exercise intensities were not included in the PHSEP because 
their application in patients with hip OA has not been evaluated so far and potential 
adverse events may occur. The PHSEP consisted of three phases. During the first 
phase perception skills were trained in order to ensure proper exercise execution and 
to enhance motor control as well as mobilization of the hip joints. Exercise intensity 
was kept below 30% MVC30. The second phase focused on muscle endurance 
capacities by applying exercises with an intensity of about 40% MVC. The third 
phase aimed at increasing cross-sectional area of the muscle by increasing exercise 
intensity up to 70% MVC. Steps 4 and 5 of the model by Froböse and Lagerstrøm 
(Froböse et al., 2003) were not specifically addressed in the PHSEP. Step 4 of the 
model includes exercise intensities of up to 100% MVC. These high intensities were 
considered to be too demanding on hip patients. Step 5 consists of functional 
exercises that concretely reflect activities of daily living. These kinds of exercises 
were implemented into the institutional session monitored by a physiotherapist who 
supervised the program.  
OAG phase III – study protocol and study 3 
In the third phase of the OAG research project, the optimized intervention was 
applied to an RCT with an adequate sample size and measurement setup 
established during phase I. The study protocol (P1) of this RCT is included to the 
scientific program of this thesis.  
Additionally, a sub-population of the RCT and all subjects with hip OA from the first 
two studies were used to investigate the relationship between several factors, 
including hip muscle strength on the level of physical disability (PD) in patients with 
hip OA in a third (cross-sectional) study (S3). As described previously, the factors 
and their contribution to PD in hip OA are not completely understood. The rationale 
                                            
30
 Exercise intensity was determined by the number of repetitions performed. Subjects were asked to 
apply resistance leading to exhausting at the end of each exercise series (Boeckh-Behrens & Buskies, 
2004; Froböse et al., 2003). The BORG scale was used to assess perceived exertion (Borg, 1982). 
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for study number three in the OAG project was to identify factors associated with PD, 
in order to get indications for future therapeutic approaches. Factors were chosen 
according to the relationships described in the literature (Rosemann et al., 2007; 
Steultjens et al., 2000; Steultjens et al., 2001; van Dijk et al., 2009). 
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2 Scientific program - research papers 
The second part of this doctoral thesis includes cumulative research consisting of the 
four research papers. All four refer to the different aspects of hip muscle strength in 
patients with hip OA described in part one. A general overview of these papers and 
the author’s contribution to each of them is provided in Table 3. Each research paper 
included is consistent with the original article accepted by the corresponding journal. 
This does not apply for the submitted manuscript. 
 
Table 3: Research papers of the scientific program 
Authors Year Status Journal Author’s Contribution 
Steinhilber B, 
Haupt G, Boeer J, 
Grau S, Krauss I 
2011 Published Isokinetic and Exercise Science  
• Development of the study design 
• Data acquisition and data 
analysis  
• Preparation of the manuscript 
Steinhilber B, 
Haupt G, Miller R, 
Grau S, Krauss I 
2011 Published Journal of Clinical Rheumatology 
• Development of the study design 
• Data acquisition and data 
analysis  
• Preparation of the manuscript 
Krauss I, 
Steinhilber B, 
Haupt G, Miller R, 
Grau S, Janßen P 
2011 Published 
Bio Med Central 
Musculoskeletal 
Disorders  
• Development of the study design 
(in cooperation with co-authors) 
• Reading and revision of the 
manuscript  
Steinhilber B, 
Haupt G, Miller R, 
Grau S, Janßen P, 
Krauss I 
2012 Submitted 
Journal of Back 
and 
Musculoskeletal 
Rehabilitation 
• Development of the study design 
(in cooperation with co-authors) 
• Data acquisition and data 
analysis  
• Preparation of the manuscript 
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2.1 Research paper 1: Reproducibility of hip muscle strength 
measurements in hip OA 
Strength measurements determined by an isokinetic device are considered to be the 
gold standard in muscle testing with high validity and reliability (Stark et al., 2011). 
However, validity and reliability depend on several factors (see chapter 1.2.4). 
Additionally, only few studies evaluated reproducibility of isokinetic and isometric 
HMS measures in patients with hip OA (Arokoski et al., 2002; Pua et al., 2008). 
There are no available studies that addressed this issue using the Isomed 2000 
(Ferstl GmbH). 
Therefore, the first study evaluated HMS measurement protocol in patients with hip 
OA using the Isomed 2000 (Ferstl GmbH). The major outcome was the reproducibility 
(quantified by the standard error of measurement) of isokinetic and isometric hip 
muscle strength measures applied in a test-retest design31.  
 
The aims of S1 were:  
• To investigate the reproducibility of isokinetic concentric and isometric strength 
measures at the hip using the Isomed 2000. 
• To evaluate whether the reproducibility and therefore precision of 
measurement is influenced by hip OA. 
 
 
Steinhilber, B., Haupt, G., Boeer, J., Grau, S., & Krauss, I. (2011a). Reproducibility of 
concentric isokinetic and isometric strength measurements at the hip in 
patients with hip osteoarthritis: A preliminary study. Isokinetics and Exercise 
Science, 19, 39-46. 
  
                                            
31
 Bland and Altman Plots of hip abduction strength measures are exemplarily provided as additional 
data in the appendix of this thesis, since these are not given in research paper 1. 
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2.2 Research paper 2: Feasibility and efficacy of an 8-week progressive 
home-based strengthening exercise 
Studies that evaluate exercise interventions in patients with hip OA are required due 
to a lack of adequately powered randomized controlled trials (RCTs) (Fransen et al., 
2010). Research paper 2 refers to a pilot study (S2) with a small sample size, 
conducted to approve an additional progressive home-based strengthening exercise 
program (PHSEP) applied to subjects already participating in institutionally 
supervised exercise therapy. This PHSEP was planned for the application in a RCT 
(P1) with an adequate sample size. 
 
The aims of S2 were: 
• To evaluate the feasibility of a progressive home-based strengthening 
exercise program for hip patients.  
• To evaluate the potential of a progressive home-based strengthening exercise 
program to increase hip muscle strength in hip patients. 
 
 
Steinhilber, B., Haupt, G., Miller, R., Boeer, J., Grau, S., Janssen, P., Krauss, I. 
(2011b). Feasibility and efficacy of an 8-week progressive home-based 
strengthening exercise program in patients with osteoarthritis of the hip and/or 
total hip joint replacement: a preliminary trial. Clin. Rheumatol. 
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2.3 Research paper 3: Evaluation of the therapeutic exercise regimen 
“Hip School": A protocol for a randomized, controlled trial 
Research paper 3 is a study protocol (P1) for a randomized controlled trial (RCT) that 
was developed on the basis of different pilot studies, two of which were reported in 
research papers 1 and 2 (Steinhilber et al., 2011a; Steinhilber et al., 2011b). As 
manuscripts submitted to scientific journals are generally restricted with regard to 
length, only the most important aspects of a research study may be presented. 
Essential information, especially if other scientists intend to replicate the results or 
research in the same area, might be lost. In addition, publishing study protocols may 
help to diminish the publication bias in terms of reporting only positive results, instead 
including all results. If outcomes and methodological procedures are published in a 
study protocol, the actual reporting of the study results must correspond to the 
protocol. 
 
The aim of the study protocol was: 
• To give a detailed description of the rationale, hypothesis, and proposed 
methodology of the research planned. 
 
 
Krauss, I., Steinhilber, B., Haupt, G., Miller, R., Grau, S., & Janssen, P. (2011). 
Efficacy of conservative treatment regimes for hip osteoarthritis - Evaluation of 
the therapeutic exercise regime "Hip School": A protocol for a randomised, 
controlled trial. BMC. Musculoskelet. Disord., 12, 270. 
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2.4 Research paper 4: Factors of physical disability in patients with hip 
osteoarthritis 
The fourth research paper describes a cross-sectional study (S3) that investigated 
the factors associated with physical disability (PD) in patients with hip OA. 
Knowledge about these factors can provide essential information about how to 
decrease PD in these patients; information that might be important to future research 
projects evaluating the optimal exercise intervention in hip OA. 
 
The aims of S3 were:  
• To detect factors associated with physical disability in patients with hip OA. 
• To evaluate the most important factors of physical disability in patients with hip 
OA. 
Scientific program - research paper 4 
 82
Factors associated with physical disability in hip osteoarthritis: Stiffness, pain and hip 
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Abstract 
Background: Physical disability is common among patients with osteoarthritis of the 
hip. Exercise therapy is proposed to be a potential instrument to reduce these 
impairments. However, the optimal content of an exercise program is not known.  
Objective: The aim of the present study was to identify factors that explain the level of 
self-reported physical disability (PD) in patients with hip OA. Knowledge of these 
factors will help develop specific and effective exercise programs.  
Methods: Data from 149 patients with hip OA (85 men and 64 women) were 
analysed. Self-reported PD was quantified using the physical function subscale of the 
Western Ontario and McMaster index. A stepwise regression analysis was conducted 
to identify significant factors of self-reported PD.  
Results: Stiffness, pain and hip muscle strength were found to be significant factors 
related to the level of self-reported PD in hip OA. These factors explained 59% (r² 
adjusted = 0.59) of the variance. BMI, gender, age, internal hip rotation and flexion 
PROM only explained minor parts of the dependent variable self-reported PD.  
Conclusion: Stiffness, pain and hip muscle strength are important factors of self-
reported PD in hip OA. It is imperative that exercise treatments for hip OA include 
strategies to modify these factors. Further research should evaluate their role in 
preventing hip OA. 
 
Keywords: Hip Osteoarthritis, physical function, WOMAC, hip muscle strength, 
Stiffness
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1. INTRODUCTION 
Osteoarthritis (OA) of the hip is a common and chronic disease which leads to a loss 
of articular cartilage [1]. The prevalence of hip OA increases with age [2], and the 
major clinical symptoms are joint pain [3], stiffness of the affected joint [3], impaired 
hip muscle strength [4;5] and range of motion (ROM) limitations of the affected hip 
joint [4]. Hip OA is one of the main causes of physical disability (PD) among elderly 
people [3;6] resulting in limited activities of daily living [7], reduced mobility [4; 8] and 
increased levels of healthcare utilization [3;6;8]. In addition to how these disabilities 
affect individuals, OA is associated with an extremely high economic burden due to 
the need of therapy, work-related losses and home-care costs [2;9]. Therefore, it is 
necessary to determine the most effective treatments and cost efficient therapies 
[10].  
Exercise therapy is a common and well established treatment of hip OA [11]. 
However, there is insufficient scientific evidence that exercise decreases PD [12]. 
There are three hypotheses that might explain this. First, the optimal exercise 
program to reduce PD has not yet been established. Second, effects of exercise on 
PD cannot be established based on the quality of current literature [13]. Third, there 
is only a small effect of exercise therapy on PD in patients with hip OA.  
Detailed knowledge about the determinants of PD in hip OA could provide essential 
information for developing an effective exercise program to decrease PD in patients 
with hip OA [3;14-18] and therefore alleviate the symptoms of this disease. 
Several factors are considered to explain the level of physical disability in hip OA. 
These include age, BMI, passive range of motion (PROM) of the hip joint [18;19], 
pain [19], hip muscle strength [8], number of co-morbidities [3;19], educational level 
[3] and self efficacy of the patients [3;18-20]. However, it remains unclear which of 
these factors are most important and whether the series of factors mentioned above 
is complete or must be amended by additional, yet unknown factors.  
The first aim of the present study was to detect factors that are related to the level of 
self-reported PD quantified according to the physical function subscale of the 
Western Ontario and McMaster (WOMAC) index in patients with hip OA. The second 
aim was to identify the factors that are most related to PD. A better understanding of 
these factors will enable researches and therapists to modify them and to investigate 
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whether these modifications might help reduce PD or even prevent increased PD in 
patients with hip OA.  
 
2. METHODS 
2.1 Data Collection:  
Data was collected during three studies in patients with hip OA. The first study 
evaluated isokinetic and isometric peak torque measures in subjects with hip OA [21], 
the second study evaluated a home-based strengthening exercise program in 
subjects with hip OA [22]. Finally, the third study was a randomized clinical trial in 
which an exercise program specially designed to increase hip muscle strength and 
postural control in patients with hip OA was evaluated [23]. These three studies were 
conducted by the same research group using identical measurement protocols to 
evaluate isometric hip muscle strength, PROM, WOMAC questionnaires and 
anthropometric data. Data from the initial measurement day of each study for 160 
subjects (90 men and 70 women) were included in the present study. All subjects 
gave their informed and written consent to all three studies, and the studies were 
approved by the local ethics committee. Inclusion criteria were: hip OA in at least one 
hip joint and a stable implantation of a hip endoprosthesis, if present, and the ability 
to walk safely without walking aids. Hip OA was assessed according to the clinical 
criteria of the American College of Rheumatology [24]. Exclusion criteria were: any 
operation at the lower extremities during the last 3 months prior to the beginning of 
each study, any other pathology that would result in medical therapy, any acute 
disease, and drug or alcohol abuse.  
 
2.2 Self-reported physical disability:  
The level of self-reported physical disability (PD) was quantified using the physical 
function subscale of the Western Ontario and McMaster (WOMAC) index. The 
WOMAC index is a reliable, valid and responsive measure of patients’ self-reported 
disability in OA of the hip. The WOMAC index includes 24 questions that can be 
subdivided into three categories: pain, stiffness and difficulty with physical function 
[25]. Response options for each question were 0 to 10 numerical rating scales (NRS) 
with 0 representing no pain, stiffness, or difficulty with physical functions and 10 
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representing extreme pain, stiffness, or difficulty with physical functions. The 
aggregated scale ranges for the WOMAC pain, stiffness, and function subscales 
were 0 to 50, 0 to 20, and 0 to 170, respectively. These scores were normalized, and 
subsequently each subscale ranges from 0 – 10. The data of the original 
questionnaires were typed in twice by two different investigators. The entered data 
were then compared, and if differences were found, the original data were reviewed. 
Missing values were processed as suggested by the WOMAC user guide, in which 
missing values of a question can be replaced by the mean value of the other 
questions of a subscale.  
 
2.3 Pain and stiffness:  
Pain and stiffness were quantified analogue to PD using the pain and stiffness 
subscales of the WOMAC index. 
 
2.4 Hip muscle strength: 
 Isometric peak torque in hip abduction (HAB), adduction (HAD), flexion (HF) and 
extension (HE) were assessed using an isokinetic dynamometer (Isomed 2000: D&R 
GmbH, Hernau, Germany). HAB and HAD were measured in a lateral position, while 
HF and HE were tested with the subjects lying supine on the isokinetic device. All 
measurements were applied using defined angle positions with 0° hip abduction for 
HAB, 20° hip abduction for HAD, 20° hip flexion for HF, and 40° hip flexion for HE. 
Subjects were prohibited from participating in strenuous physical activity 24 h before 
the measurements. Before a measurement was conducted, subjects warmed up on a 
bicycle ergometer for 5 min (self-chosen intensity from 20 to 60 Watt). The warm-up 
was followed by 5 min of stretching exercises for the lower extremities. A 
physiotherapist conducted manual facilitation to familiarize subjects with the 
measurement procedure. In addition, the investigator gave a verbal explanation of 
the measurement procedure and emphasised the importance of maximal muscle 
contraction. The starting leg was determined by drawing lots, and after two to three 
sub maximal trials, the isometric peak torque of HAB and HAD was evaluated using 
the best of three maximal isometric muscle contractions. The same procedure was 
then done for the isometric measurements of HF and HE. Further details of the 
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measurement procedure are available in Steinhilber et. al. [21]. Strength variables 
were summarised to generate one total hip strength score using the procedure 
presented by Chandler et al. [26]. They z-transformed each strength measure 
gender-specifically, in order to account for differences in strength generating 
capacities of different muscle groups [26]. Strength is given as Newton meter per 
bodyweight [Nm/kg]. 
 
2.5 Passive range of motion measures:  
Passive range of motion (PROM) of hip flexion and internal hip rotation were tested 
visually by a physiotherapist. Concordance between visual estimates conducted by 
an experienced examiner and goniometric measurements of hip flexion and internal 
hip rotation indicated good agreement [27;28]. In both hip movements, the examiner 
assessed the binary PROM, which means he determined whether PROM was 
impaired or not. The criteria from the American College of Rheumatology were used 
to define impaired or unimpaired PROM. Impaired PROM in hip flexion was less than 
115° and in internal hip rotation less than 10° [24]. Subjects were placed in a supine 
position on an examination table. The physiotherapist flexed the subject’s thigh 
upwards until reaching the end of their range of motion without leaving the sagittal 
plane, while the contra lateral leg was extended and held down on the surface of the 
examination table by the physiotherapist. Internal hip rotation was also tested in a 
supine position, with the hip and knee bent to 90°.  
 
2.6 Additional data: 
 Age, gender, height, and bodyweight were assessed. BMI was calculated by dividing 
the subjects’ bodyweight [kg] by height [m²]. 
 
2.7 Statistical analysis 
Data was analysed using JMP 9.0 (SAS Inc. Cary, N.C., USA).  
Normal distribution was monitored graphically using box plots and normal quantile 
plots. Extreme values were identified a priori to the further analysis using the outlier 
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box plot method, which detects extreme values that exceed the upper or lower 
quantile ± 1.5 x interquartile range [29]. Spearman’s rank correlations (p=0.05) for 
nonparametric variables were conducted to assess multi co-linearity among the 
independent variables. A stepwise multiple regression analysis was performed to 
evaluate the variables that contribute to self-reported PD; the independent variable. 
The forward technique was used by adding variables to the model until the minimum 
Bayesian information criterion BIC [30] was reached. The following independent 
variables were included in the stepwise regression model: pain, stiffness, total hip 
strength score, age, BMI, gender, internal hip rotation PROM and hip flexion PROM. 
The variables that were identified by the stepwise procedure were entered into the 
multiple regression analysis. The adjusted R² (to the number of factors of the whole 
model) was used to quantify the explanatory component within the variation of self-
reported physical disability provided by the whole regression model. Standardized 
betas were determined to constitute the relative importance of the explanatory 
variables. The calculation of the standardized betas shows the parameter estimates 
that would have resulted from the regression, if all variables had been standardized 
to a mean of 0 and a variance of 1 [31]. All variables included into the statistical 
analyses were only related to the arthritic hip joint. In the case of two affected hip 
joints, the more severe side was included for further analysis. Before data analysis 
was done, the total data sample was randomly split (ratio: 70 to 30 percent) into an 
analysis-sample (A-sample) and a validation-sample (V-sample) for cross validation 
[32]. The hypotheses of the present study were evaluated on the A-sample and 
validated using the V-sample. Furthermore, to validate the results of the A-sample 
the formula of the predicted WOMAC physical function assessed by the multiple 
regression analysis of the A-sample was used to generate the predicted values of the 
WOMAC physical function scale in the V-sample. These predicted values have been 
correlated with the actual WOMAC physical function values of the V-sample and 
compared to the correlation in the A-sample. 
 
3. RESULTS 
3.1 Extreme values: 
Significant extreme values were identified in eleven subjects. Six extreme values 
were found in BMI with values higher than 35, and therefore associated with Obese 
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Class II. A high BMI may induce high levels of PD and therefore interfere or even 
overlap with the limitations related to OA. Four extreme values were found for the 
physical function subscale of the WOMAC index, with four subjects reporting severe 
impairments. One subject had very severe pain. We decided to exclude these eleven 
subjects from further analysis because of the significant difference to the rest of the 
study population. 
 
3.2 Participants: 
The functional, clinical and anthropometric characteristics of the study population are 
presented in Table 1. These data are provided for the total sample: the analysis-
sample (A-sample) of 105 subjects, which is equal to 70% of the total data sample, 
and the validation sample (V-sample) of 44 subjects, which is equal to 30% of the 
total data sample (table 1). 
Table 1  
 
3.3 Normal distribution:  
After excluding the extreme values, graphical examination suggested normal 
distribution in the variables stiffness, BMI, age and the summary hip muscle strength 
score. Pain and physical function were not normally distributed. Further more, the 
residuals resulting from the multiple regression analysis were normal distributed 
which is an application requirement of this analysis [33].  
 
3.4 Co-linearity among the independent variables:  
Spearman’s rank correlation detected moderate to strong co-linearity among the four 
strength measures hip abduction, adduction, flexion and extension (r = 0.46 to 0.67; 
p < 0.0001; r² = 0.21 to 0.45). This verifies the generation of a single summary 
strength score that is representative of hip muscle strength and which reduced co 
linearity among the factors that were included in the regression analysis. The 
correlation between the WOMAC pain and stiffness subscales was moderate (r = 0.5; 
p = 0.0001).  
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3.5 Stepwise regression: 
 The stepwise regression analysis revealed three out of eight variables to be 
significant. The consecutive steps are shown in Table 2. Consequently, only these 
three factors were entered into the multiple regression model, since the variables 
BMI, gender, age and hip internal rotation and hip flexion did not contribute to 
explaining the variance of the dependent variable, the WOMAC physical function 
subscale. 
Table 2 
 
3.6 Multiple regression analyses: 
When the factors detected by the stepwise procedure were entered into the multiple 
regression model, R² adjusted was 0.59. Stiffness and pain correlated positively with 
a decreased WOMAC physical function subscale, and a negative association 
between hip muscle strength and the WOMAC physical function subscale was found 
(Table 3). Stiffness and pain were the variables that explained most of the variation in 
the physical function scores, followed by hip muscle strength (Table 3).  
Table 3 
 
3.7 Cross-validation: 
The correlation of the predicted and actual values of the WOMAC physical function 
scores were 0.77 with p < 0.001 in the A-sample and 0.76 with p < 0.001 in the V-
sample. The multiple regression analysis was repeated with the V-sample including 
the same variables as applied in the A-sample. R² adjusted of the V-sample was 
again 0.59. Stiffness was again the factor that explained most of the variation in the 
physical function scores. The variation explained by pain was less than in the A-
sample. The explanatory component of hip muscle strength was higher than in the A-
sample (Table 3). The characteristic of the V-sample and A-sample was well 
balanced (Table 1). 
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4. DISCUSSION 
The objective of the present study was to investigate the relationship between 
several factors and self-reported physical disability (PD) assessed using the WOMAC 
physical function subscale in patients with hip OA. Stepwise regression analyses 
revealed stiffness, pain and hip muscle strength to be significant factors related to the 
level of PD in hip OA. These factors explained 59% (r² adjusted = 0.59) of the 
variance in the WOMAC physical function subscale. BMI, gender, age and hip 
internal rotation and hip flexion PROM did not contribute to explaining significant 
parts of self-reported PD. 
 
4.1 Pain: 
In the A-sample, the relation of pain to PD was high with a standardized beta of 0.39. 
Only the relation of stiffness was found to be slightly stronger (beta 0.42). In the V-
sample, the relation of pain and PD was to some extent lower, with a standardized 
beta of 0.33. Therefore, pain together with stiffness seems to be the most important 
factor related to PD. This result is consistent with the findings of previous studies. 
Van Djik et al. 2009 [19] concluded that self-reported PD was largely related to pain. 
Juhakosky and colleagues [3] found a correlation (r = 0.853) between pain (WOMAC 
subscale pain) and physical function (WOMAC subscale physical function). The 
observed relation between perceived pain and PD is obvious. The physical function 
subscale of the WOMAC index refers to a set of common activities of daily living, like 
getting in and out of a car or climbing up and down stairs. Patients with hip OA often 
complain about pain under weight-bearing conditions [34] or maximal joint excursions   
[24;35]. Both might appear during the tasks that are addressed by the WOMAC 
index. 
 
4.2 Stiffness: 
Our findings indicate a considerable relationship between joint stiffness and self-
reported PD in patients with hip OA. However, it seems that stiffness of the affected 
hip has not been of great interest in previous studies. Although Juhakoski [3] and van 
Dijk [19] assessed the WOMAC subscales pain and physical function, they did not 
quantify the stiffness subscale of the WOMAC index and its relation to PD. It is 
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possible that they considered PROM of the hip that was evaluated in both studies 
would be sufficient to describe the flexibility and stiffness of the hip joint, as well. The 
stiffness subscale of the WOMAC index is assessed using only two items. The first 
item refers the severity of stiffness which occurs after first awakening in the morning, 
and the second item refers to the severity of stiffness which occurs after periods of 
inactivity later in the day. It is not surprising that a high level of joint stiffness affects 
the physical performance of activities of daily living which is associated with self-
reported PD. However there is a moderate co-linearity between stiffness and pain. 
This might interfere with the results of the multiple regression analysis and over 
estimate one of these two factors. Finally, in this study we won’t be able to solve this 
problem. A subgroup analysis of hip OA patients with low levels pain probably might 
be an approach to investigate the influence of stiffness. Unfortunately, in our study 
the sample was too small for an adequate subgroup analysis.  
 
4.3 Hip muscle strength: 
The summarized total hip strength score of the affected hip joint was another 
significant factor related to PD in hip OA though to a lesser degree than pain and 
stiffness. Our results showed a negative relationship between hip muscle strength 
and PD, which implies that increased hip muscle strength is associated with a lower 
degree of PD. Other authors have discussed this relationship between hip muscle 
strength and PD [3;8;15;19]. Juhakoski found no relationship between hip extensor 
power and self-reported PD [3], and van Dijk et al. found no association between hip 
abductor strength and self-reported PD [19]. In their review article, Dekker et al. 
concluded that reduced muscle strength was a risk factor of functional decline in 
patients with hip and knee OA [8]. Pua and colleagues [15] calculated a nonlinear 
relationship between decreased hip extensor strength and PD assessed using 
physical performance tests in patients with hip OA. They further pointed out that there 
might be a certain breakpoint until which improvements in hip extensor strength 
would be beneficial to these patients. Our results showed strong co-linearity between 
hip abduction, adduction, flexion and extension strength. This co-linearity leads us to 
question whether the level of PD should be attributed to single strength abilities. The 
items of the WOMAC questionnaire that aim to quantify PD refer to different 
movement tasks of daily living and these activities are not determined by a single 
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strength ability of the hip muscles. The correlation coefficients and their 
corresponding r² (r = 0.62 to 0.77 and r² = 0.38 to 0.59) of a single strength ability is 
not strong enough to explain the impairments that are related to another strength 
ability. The use of a summarised hip strength score to investigate the relationship 
between PD and muscle strength in hip OA might be a better approach, especially 
since a major part of the impairments in hip muscle strength is considered to be the 
result of disuse atrophy [36;37] which affects all muscles of the lower extremity. 
 
4.4 Passive range of motion (PROM): 
PROM of hip flexion and hip internal rotation were no significant factor of PD. 
However we conducted PROM binary and not continuous PROM (determined in 
degree), which might have reduced the sensitivity of our investigation technique. 
Therefore, the relationship between PROM and PD might be underestimated in the 
present study. Van Djik et al. [19], who measured PROM in degree, mentioned that 
hip flexion PROM is an important factor of PD. The main difference between our 
study and that conducted by van Djik et al [19], besides the two measurement 
approaches, is that they investigated a data sample from patients that were recruited 
from rehabilitation centres and hospitals our subjects were recruited by newspaper 
advertisements. The impairments in PD were more pronounced in the population of 
van Djik et al. than in the study population of the present study. They assessed a 
WOMAC physical function subscale of 61.01 which is corresponding to a normalized 
score of 3.4. In comparison, we assessed a normalized WOMAC physical function 
subscale of 2. It seems reasonable the impairments in PROM were also more 
pronounced in the sample investigated by van Djik et al and probably trigger the 
higher impairments in physical function. Unfortunately, this must remain a 
speculation, since we only assessed whether impairments in PROM exist or not, and 
not the exact amount of impairments given in degree.  
 
4.5 Consequences for exercise therapy: 
In the context of our study, it is important to state that there is scientific evidence that 
exercises applied to patients with hip OA reduce pain [38] which is one of the most 
important factors of physical disability (PD). This emphasizes the role of 
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strengthening exercise in the management of physical disability in patients with hip 
OA, since these exercises might trigger two main factors, pain and hip muscle 
strength . However it still remains unclear which exercises are best to reduce pain 
and which are most efficient. Future exercise therapy concepts are well advised to 
additionally consider ways to reduce stiffness, which has not yet been described and 
we strongly recommend addressing exercises not only for a single hip strength 
abilities, but to improve all strength abilities that are related to the hip joint. 
 
4.6 Limitations:  
A limitation of the present study is the concept of physical disability. PD could be 
quantified by self-reported questionnaires. Another way is to quantify PD by applying 
physical performance tests [4]. Juhakoski et al. found good correlations between 
physical performance tests and the WOMAC subscale physical function [3]. However, 
neither of these approaches, implemented independently or combined, would be able 
to completely describe the limitations in physical performance and activities of daily 
living caused by hip OA. Patients’ lifestyles and activity levels are too different to 
allow this. We suggest that, although incomplete, self-reported PD is the aspect of 
PD most greatly perceived by subjects and therefore an important measure. 
However, the Wold Health Organisation pointed out that the WOMAC index is the 
most relevant instrument for assessing disability in osteoarthritis of the lower limbs 
[39]. Other explanatory factors of PD have been proposed [3;8;19], including patients’ 
level of education, self efficacy, the amount of co-morbidities. We did not measure 
these factors and therefore cannot include them in our regression model. Our 
statistical analysis revealed that about 40% of the variation in self-reported PD is still 
unexplained. Although we did not include all potential factors, about 60% of PD could 
be explained.  
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Table 1: Characterization of the study population 
BMI body mass index; OA osteoarthritis; TEP total hip replacement; PROM passive range of motion 
Variable Total sample Analysis sample Validation sample 
Total n 149 105 44 
Gender n (% of total n) 
w = 64 (43%)  
m = 85 (57%) 
w = 45 (43%) 
m = 60 (57%) 
w = 19 (43%) 
m = 25 (57%) 
Age [yr] mean ± SD 58.8 ± 10 59.1 ± 10 58.3 ± 10 
Height [m] mean ± SD 1.73 ± 0.09 1.72 ± 0.09 1.73 ± 0.09 
Weight [kg]  mean ± SD 78.6 ± 12.7 78.5 ± 11.7 78.9 ± 15.1 
BMI [kg/m²]  mean ± SD 26.3 ± 3.2 26.4 ± 3 26.0 ± 3.6 
Hip OA 
one sided [%] 
82 87 70 
Hip OA both 
sided [%] 
18 13 30 
TEP on the contra lateral hip [%] 9 10 9 
Hip strength of the affected joint [Nm] 
median ± SD    
 Abduction 104.9± 33 105.1 ± 33.2 99 ± 32.6 
 Adduction 103.6 ± 39.4 100.2 ± 40.5 107.8 ± 37.1 
 Flexion 93.9 ± 28.1 93 ± 26.8 103.1 ± 31.4 
 Extension 123.5 ± 58.3 123.5 ± 59.4  120 ± 56.2 
PROM of the affected hip joint    
 
Internal rotation  
< 10° [%] 
74 75 73 
 
Flexion  
< 115° [%] 
75 74 77 
WOMAC Index median ± SD    
 
Global WOMAC score 
(0-30) 7.5 ± 4.1 7.3 ± 4.3  7.7 ± 3.8 
 
WOMAC pain subscale 
(0-10) 2 ± 1.5 2.2 ± 1.5 1.7 ± 1.4 
 
WOMAC stiffness 
subscale (0-10) 3 ± 2 3.0 ± 2.1 3.5 ± 1.9 
 
WOMAC physical 
function subscale (0-10) 2 ± 1.4 2.0 ± 1.4  2.0 ± 1.3 
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Table 2: Factors that are related to physical disability in patients with hip OA 
Source 
Model 
Error  
C. Total 
DF 
3 
101 
104 
Sum of squares (SS) 
124.2 
83.5 
207.7 
 
F-ratio 
50.1 
 
 
Step Factor SS R² BIC p-value 
1 Stiffness 89.6 0.43 324.3 < 0.001 
2 Pain 27.2 0.56 301.5 < 0.001 
3 Hip strength 7.4 0.6 297.2 0.003 
DF degree of freedom; SS sum of squares; BIC Bayesian information criterion; C Total Corrected 
Total 
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Table 3: factors of the multiple regression analysis of the A-sample and V-sample 
Analysis sample (n=105) 
Dependent variable: normalized WOMAC physical function subscale 
R² adjusted = 0.59 
Intercept = 0.44 (lower CI = 0.07 upper CI = 0.81) 
Factor Estimated slope lower CI upper CI Standardised beta 
Normalized 
WOMAC Stiffness 0.29 0.19 0.39 0.42 
Normalized 
WOMAC Pain 0.36 0.2 0.5 0.39 
Summarized total 
hip strength -0.34 -0.57 -0.12 -0.19 
Validation Sample (n=44) 
Dependent variable: normalized WOMAC physical function subscale 
R² adjusted = 0.59  
Intercept: 0.64 (lower CI = -0.09 upper CI = 1.19) 
factor Estimated slope lower CI upper CI Standardised beta 
Normalized 
WOMAC Stiffness 0.27 0.12 0.42 0.41 
Summarized total 
hip strength -0.64 -0.97 -0.30 -0.39 
Normalized 
WOMAC Pain 0.3 0.09 0.51 0.33 
CI = confidence interval 
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3 Comprehensive and supplementary discussion 
The scientific program of this doctoral thesis will be comprehensively discussed 
including aspects that go beyond the discussions already provided in the four 
research papers. Aspects that have been extensively discussed in the original paper 
will be mentioned but will not be discussed in detail again. A footnote will be added to 
denote the specific section of the corresponding research paper. 
3.1 Strength measurements at the hip  
3.1.1 Body position and fixation 
The results of study number one (S1) indicated lower reproducibility in the measures 
of hip adductions (HAD) and hip extension (HE) compared to hip abduction (HAB) 
and flexion (HF). During the measurements of HAB and HF, the acting muscle 
induces a motion of the hip joint / pelvis towards the rigid contact surface of the 
isokinetic device thus maintaining axis alignment. Owed to the body position, an 
upward motion of the pelvis / hip joint is induced during the HMS measurement of 
HAD and HE. Although a belt and the manual fixation of the second rater were used 
to eliminate or at least reduce this motion, the fixation was not as powerful as that 
provided by the contact surface. Even small discrepancies can induce measurement 
errors due to different moment-generating capacities (Delp & Maloney, 1993). 
The Isomed 2000 assesses strength measures in 6 different joints (ankle, knee, hip, 
shoulder, elbow, and wrist). Different ergonomic demands to the isokinetic device are 
the consequence. It is hardly surprising that this versatility of ergonomic requirements 
could not be achieved for each joint. Although special adaptors are provided by the 
manufacturer, researchers are compelled to optimize the measurement procedure in 
a way that perfectly reflects the biomechanics of the tested joint. In this context, an 
alternative method to improve stabilization of the hip and pelvis has been discussed. 
The placement of a vacuum mattress underneath the tested subject was considered. 
This mattress adapts to the body shape when the air is removed. This consolidated 
shape might then increase pelvis stabilization and measurement reproducibility. 
However, extra time required to handle and rearrange the mattress when the test 
side or measurement positions were changed was not practicable. 
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3.1.2 Torque overshoots 
Previously to S1, several test measurements were conducted with the Isomed 2000 
and substantial torque overshoots were observed. Therefore the angle velocities of 
isokinetic measurements were reduced to 40 and 30°/sec. Furthermore, an orthosis 
was attached to the leg. This orthosis reduced oscillations of the shank which 
otherwise led to large moment overshoots during the acceleration and deceleration 
phases of the isokinetic measurements. During isometric measurements, an orthosis 
guaranteed that the foot hovered above the contact surface, otherwise the foot could 
have been used as a counterfort affecting the measurements.  
3.1.3 Objectivity of hip muscle strength measures in osteoarthritis of the hip  
In order to achieve high levels of objectivity several standardization procedures were 
applied. The measurements were conducted by the same two raters, the verbal 
instructions were standardized, measures were conducted at the same time of the 
day, subjects were instructed to not participate in exhausting physical activities the 
day before a measurement, and familiarization procedures were applied before each 
measurement32. However, despite these strict standardization strategies, a learning 
effect in rater 2 (R2), who manually stabilized the tested subject, may have occurred 
and influenced the measurement results. The technique of manual stabilization 
provided by R2 probably improved after a few the initial measurements33.  
3.1.4 Reproducibility of hip muscle strength measures in osteoarthritis of the 
hip 
The Bland & Altman plots and pearsons-product-moment coefficient below 0.7 
indicated homoscedasticity which reflects symmetric variability of the applied 
measurements independent of the amount of strength measured (see appendix). The 
mean differences in HMS between the test occasions were close to zero (except for 
HE), which implies that no systematic bias occurred, except for the measures of hip 
extension. This could be seen in healthy subjects as well as in patients with hip OA 
(see Table 3 in research paper 1 on page 53). In agreement with a study by Rasch 
and colleagues (Rasch et al., 2005), it can be concluded that in the case of repeated 
group comparisons isokinetic and isometric measurements are suitable to determine 
changes in HMS in patients with hip OA. However, hip extension measurements 
                                            
32
 Familiarization procedures are described in research paper 1 on page 50-52. 
33
 More details are discussed in research paper 1 on page 55. 
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should be applied with caution since learning effects occurred, reflected by 
systematically higher strength values in the retest situation. 
An important difference was observed in S1 between patients with hip OA and 
healthy subjects. Lower reproducibility of the isometric strength measures of HAB, 
HAD and HF, and the isokinetic measure HF were found in patients with hip OA. The 
standard error of measurement (SEM) increased about 20 to 40% in the patient 
group. A higher day-to-day variability in physical performance and less self 
consciousness in producing maximal forces to the affected joint may play a role in 
this context34. The lower reproducibility in hip OA implicates consequences for group 
comparisons: an increased number of subjects is necessary to evaluate statistically 
significant changes in HMS. On the other hand, there are practical consequences for 
individual HMS assessment in a rehabilitation setting. Interpreting changes in a 
patient’s HMS throughout a rehabilitation program is difficult. As shown in research 
paper 1, a familiarization measurement may decrease the measurement error (ME) 
under isometric test conditions35. 11 hip OA patients were measured a third time to 
investigate whether familiarization effects occur. The corresponding results indicated 
no learning effects towards a specific direction, such as higher muscle performance 
on the second or third test occasion (TO). Nevertheless, reproducibility increased 
during the second test sequence (TO2 and TO3) in comparison to the first test 
sequence (TO1 and TO2), indicating more stable muscle performance after a 
familiarization measurement. 
 
3.1.5 Validity of hip muscle strength measures in osteoarthritis of the hip 
In this thesis the predictive validity refers to the relationship between HMS and pain, 
and HMS and physical disability (PD). The results of S2 did not show a relationship 
between increased HMS and PD or pain. Therefore predictive validity was not shown 
for isokinetic and isometric HMS measures on pain and PD in patients with hip OA. 
On the one hand, the results of S3 found HMS to be a significant factor of PD, 
indicating that HMS may have predictive validity on PD. On the other hand, the 
results of S2 did not show a relationship between increased HMS and physical 
                                            
34
 More details are given in research paper 1 on page 54 
35
 This finding is extensively discussed in research paper 1 on page 55. 
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disability (PD) or pain. However, possible reasons for this, like small sample size and 
small increases in HMS, are discussed in a later section of this thesis (see chapter 
3.2.3). The RCT (P1) will optimize these aspects. Subsequently, the results of the 
RCT will be important to show whether there is predictive validity of HMS on pain and 
PD after all.  
3.1.6 Isometric versus isokinetic hip muscle strength measures 
In S2, isokinetic and isometric HMS were determined for the four movement 
directions HAB, HAD, HF, and HE. Improvements in HMS were similar between 
isokinetic and isometric measures (see figures 2 and 3 research paper 2 on page 
63). Subsequently, it can be argued that no additional information is provided by 
isokinetic measures. Furthermore, stabilization procedures under isometric test 
conditions appeared to be more controllable. For this reason and due to the lengthy 
measurement protocol lasting 50 to 55 min for each subject, isokinetic measures 
were removed from the measurement protocol of the RCT (P1). Now, the time 
required to measure hip muscle strength does not exceed more than 30 min per 
subject. This supports the findings by Rasch and colleagues (Rasch et al., 2005) who 
pointed out that the duration and exhaustion of isokinetic strength measurements 
might overexert patients with joint disease. 
3.2 Strengthening exercises in patients with hip OA  
3.2.1 Feasibility and adherence to the progressive home-based strengthening 
exercise program  
The PHSEP in S2 was found to be feasible for hip patients and exercise adherence 
was high (99%). This is attributed to the regular contact to a physiotherapist during 
the weekly institutional supervised group-based exercise therapy (ISET) and 
subjects’ long-term participation in an ISET (several years), ensuring familiarity to 
exercise36. Another aspect that may have contributed to feasibility and high exercise 
adherence was the concept of applied exercises. Every movement direction was 
addressed by at least three exercises, performed in different starting positions. For 
example, hip flexion exercises could be performed in prone, seated or standing 
positions. This procedure was not chosen to make the program more entertaining, 
but to enable patients to choose the best exercise for a movement direction on an 
                                            
36
 These aspects have been extensively discussed in research paper 2 on page 63. 
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individual basis. Subjects should use exercises that they are able to perform, in terms 
of not experiencing pain levels that discourage them from exercising and enable 
subjects to achieve the required exercise intensity. The starting position of an 
exercise may be a factor related to a subject’s ability to execute this exercise. Often 
hip OA is not the only complaint of a patient, but rather several co morbidities may be 
present (van Dijk et al., 2009). If getting down onto or up from the floor is difficult due 
to complaints of the lower back and/or the knee joint, an appropriate exercise could 
perhaps be applied in a seated position with more emphasis on the actual exercise. 
An additional factor that can be attributed high feasibility and exercise adherence 
may be the description of the applied exercises. In P1 the exercise sheets are shown 
in figures 2, 3, 4, and 5 (see research paper 3 on page 74-76). The description of an 
exercise includes several pictures, brief and clear instruction of the motion, as well as 
important aspects to be aware of when executing the exercise, outlined by an arrow 
or exclamation marks. 
3.2.2 Adverse events due to the exercise intervention 
Only one adverse event occurred to a subject participating in the exercise program of 
S2. This participant reported severe pain due to the increase in exercise intensity 
between phase two and three of the home exercise program. This subject was not 
able to continue exercising at the given intensity. Three scenarios were predefined to 
deal with patients that develop increased pain during or due to the exercise program.  
• Scenario one: if it is possible to identify the exercise or exercises that induced 
increased pain levels, this exercise or these exercises should be continued at 
lower exercise intensity.  
• Scenario two: if the reduction of exercise intensity does not reduce increased 
pain levels, this exercise or these exercises should no longer be executed by 
this subject.  
• Scenario three: If scenario one and two does not improve pain levels, the 
exercise program should be discontinued by this subject.  
In the case of the above-mentioned subject, scenario one was appropriate and the 
exercise program could be continued with reduced exercise intensity of certain 
exercises. 
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3.2.3 Strength gains 
In S2, improvements in hip muscle strength (HMS) were found to be statistically 
significant but rather low (7 – 13%) in comparison to other studies applying similar 
exercise programs (Gilbey et al., 2003; Sashika et al., 1996; Sled et al., 2010). 
Exercise logs reported low exercise intensity in relation to instruction given by the 
study administration which requested an intensity of at least Borg level 14 at the end 
of each exercise series37. Two more aspects responsible for the small increase in 
HMS were mentioned in this context. First, it is presumed that the duration of 
stimulus on muscle strength by the applied PHSEP was too short to induce 
neurological and morphological muscle adaptations. Second, subjects had been 
participating in Hip School for at least one year, indicating higher initial performance 
levels in muscle strength, which are associated with fewer adaptations to exercises 
compared to sedentary subjects38 (Hollmann & Strüder, 2009).  
Finally, the small improvements in HMS might be attributed to the applied 
measurements of HMS. Isokinetic and isometric measures represent exercises of 
open kinetic chain (OKC)39. The exercises that were applied in the PSHEP included 
both OKC and close kinetic chain (CKC) exercises. In view of a well-rounded 
exercise program it is important to include exercises of OKC and CKC. OKC 
exercises focus on a specific muscle of muscle group. Exercises of CKC refer to the 
use of several muscles or muscle groups acting in a row, often throughout several 
joints. CKC reflects a great bulk of muscle performance in ADL (e. g. climbing stairs 
and walking). It can be argued that measures of OKC are not able to assess the 
ability of several muscle / muscle groups acting together.  
In summary, the PHSEP of S2 can be characterized by a short intervention period, 
high exercise adherence and small improvements in HMS. This offers another 
perspective and practical application. In subjects already participating in an 
institutionally supervised exercise therapy, an additional eight-week PHSEP can be 
implemented as a kind of booster session40, in order to maintain long-term 
therapeutic effects. 
                                            
37
 Possible reasons are discussed in research paper 2 on page 65. 
38
 Again these two aspects are discussed extensively in research paper 2, page 65. 
39
 OKC is described as distal-end-free and CKC is described as distal-end-fixed (Dvir, 2004).  
40
 Booster session are strategies to maintain exercise adherence and therefore retain beneficial post 
treatment effects (Pisters et al., 2007)  
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3.2.4 Adaptations of the PHSEP for the RCT 
Based on the findings of S2, several adaptations will be included in the additional 
PHSEP before it is applied in the RCT (P1). 
• Choosing the best exercises: The exercise logs of the PHSEP applied in 
research paper 2 have been analyzed retrospectively to identify the most 
practical exercises. Some exercises that were associated with increased pain 
or improper achievement of exercise intensity were excluded or modified. 
Furthermore, the exercise program has been simplified by reducing the overall 
amount of exercises applied. 
• Controlling for exercise intensity: During the exercise period of the RCT, the 
exercise logs will be screened weekly to see whether the appropriate exercise 
intensity is reached. If subjects fail to reach the required intensity, subjects will 
be given additional instructions during the following institutional exercise 
session. 
• Extending the exercise period: An eight-week intervention period was 
considered to be sufficient to clarify whether the PHSEP will be feasible and is 
able to increase HMS. It is well known that 8 weeks may be too short for 
muscle adaptations to exercise to manifest. The intervention period of the 
PHSEP in the RCT will be extended to 12 weeks. 
• Reducing home-exercise sessions: Home-exercise sessions will be reduced to 
two sessions per week, considering that the studied population of the RCT 
(P1) might not be as compliant as the subjects studied in S2, which had 
already been participating in institutional supervised exercise therapy for at 
least one year. Three sessions might be an excessive demand. Subsequently, 
overall home-exercise sessions will remain the same (24 sessions). However, 
it is supposed that neuro-muscular adaptations can be sustained longer if 
improvements are developed during a longer exercise period (De Marée, 
2003; Weineck, 2002). 
• Focusing the study population: The study population described in the study 
protocol (research paper 3) will focus on patients with hip OA (THR allowed on 
the contralateral side) and on subjects that are not participating in exercise 
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programs specifically addressing their affected joint41. This is an indirect 
adaption of the PHSEP, since it refers to the investigated population and not 
to the PHSEP itself. However, on a methodological basis, this is a necessary 
consequence in order to differentiate between these two populations. 
Furthermore, it has been hypothesized that strengthening exercise programs 
(SEP) might have pronounced effects in subjects with low levels of muscle 
strength (Mayer et al., 2011). 
3.3 Hip muscle strength and its relation to physical disability in patients 
with hip OA 
The accumulation of data42 recorded during the initial measurements in S1, S2, and 
the RCT described in P143 offered the opportunity to investigate the relationship 
between several factors (BMI, gender, HMS, age, pain, stiffness, PRoM) and physical 
disability (PD). These variables were assessed using the same methods in all three 
studies included in this thesis. Stiffness, pain and reduced hip muscle strength 
explained about 60% of PD, assessed using the physical function subscale of the 
WOMAC questionnaire. Further, stiffness and pain were found to be more important 
factors of PD than reduced HMS, indicated by standardized beta coefficients.  
The relationship between pain and PD seems to be reasonable. Patients with hip OA 
report increased pain under weight-bearing conditions (Netter, 2001) and during 
maximal joint excursions (24, 35). Both can be found during activities of daily living, 
such as climbing stairs which substantially increases joint pressure (Bergmann et al., 
2001)44. Stiffness has not been reported as a factor of PD in hip OA, yet. Stiffness 
refers to temporal rigidity of the hip joint that often occurs in the morning after 
awakening or after periods of inactivity later in the day. It may be possible that 
                                            
41
 Exclusion criteria of research paper 3: (xiv) medical exercise therapy or physiotherapy using weight 
machines and comparable resources during the last 3 months and carried out at least 6 times; (xv) 
specific group or individual intervention to address hip OA in the last 3 months (minimum 1x/week, 30 
minutes or more); (xvi) physical therapy to address hip OA (minimum 1x/week); (xvii) novel initiated 
physical exercise within the last 3 months (minimum 1 x/week to be short of breath for at least 30 
minutes). 
42
 Anthropometric data, HMS measures, WOMAC subscales pain and stiffness, and physical disability 
assessed with the WOMAC subscale physical function. 
43
 The RCT described in research paper 3 has already started and is still in progress at this time. 
44
 More details on the relationship of pain and PD are given in research paper 4 on page 91. 
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especially the time required until the joint regains its function is perceived as 
discomfort and therefore related to PD45.  
The third factor found to be important to PD is HMS. The role of HMS in PD is 
discussed in other cross-sectional studies (Dekker et al., 2009; Juhakoski et al., 
2008; Pua et al., 2009; van Dijk et al., 2009).  
Several studies on healthy subjects and clinical populations reported improvements 
in PD after strengthening exercise programs (Kristensen & Franklyn-Miller, 2011). 
Furthermore, therapeutic exercises including muscle strengthening elements are 
considered to be an efficacious treatment for reducing pain and improving function in 
hip OA (Hernandez-Molina et al., 2008). Therefore, it can be hypothesized that 
strengthening the hip muscles may have a dual function in decreasing PD: a direct 
effect on PD and an indirect effect on PD by reducing pain.  
Nevertheless, the intervention applied in S2 did not significantly improve the 
outcomes physical function and bodily pain of the SF36 questionnaire, which 
challenges this hypothesis. As already discussed in research paper 2, there might be 
a certain threshold of strength improvements that must be exceeded in order to 
reduce pain and improve PD in patients with hip OA. This threshold may not have 
been reached in S2. However, in S2 a small to medium effect (effect size: 0.38) has 
been found in the SF36 subscale physical function, suggesting an effect of the 
exercise intervention that may be superimposed by the small sample size. 
The results of the RCT (P1) with an increased intervention period, a more focused 
study population and suitable sample size will be suitable to investigate whether Hip 
School improves pain and decreases PD in hip OA. 
                                            
45
 More details are given in research paper 4 on page 91 
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4 Limitations 
This chapter will discuss the limitations of the studies and this doctoral thesis. A 
critical analysis of what has been done and what has not been done enables an 
appropriate interpretation of the results and conclusions of this thesis. Furthermore, 
future research projects of the OsteoArthroseGroup (OAG) and other scientists may 
consider these limitations to improve their research. 
Quantification of hip OA 
In all studies and the RCT (P1) Hip OA is quantified using the criteria of the American 
College of Rheumatology without radiographic assessment (Altman, 1991b). 
Additional radiographic assessment of hip OA has been shown to be more specific 
(91%) than assessments without a radiograph (75%). Sensitivity is similar between 
both methods (89% with radiologic criteria versus 86% without). As x-rays are 
harmful for subjects and the use of x-rays in clinical studies must be conclusively 
justified for ethical reasons, this inaccuracy is accepted. 
Home-based exercise programs 
Although there is no evidence about the optimal delivery mode of an exercise 
program for patients with hip OA, a completely supervised program might be superior 
to a home-based program in terms of guaranteeing high-quality motion sequences 
while exercising. Exercise logs indicated very high adherence but this is a subjective 
measure reported by the subjects in S2. Institution-based and supervised programs 
enable adherence and exercise quality to be assessed more objectively.  
However, similar effects of center-based and home-based exercise programs are 
reported. Home-based exercise programs are considered to be more efficient in the 
long-term (Ashworth et al., 2005).  
Study population 
In S2 subjects with hip OA and/or total hip joint replacement (THR) were included. 
The response of patients with THR to strengthening exercises may be different 
compared to patients with hip OA. Further, in studies one and three (research papers 
1 and 4) subjects with hip OA were included, but THR at the contra lateral side was 
allowed. Again, a possible impact of THR on the outcomes may have resulted. Study 
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samples of patients with hip OA only would have been more precise generating 
results not superimposed by THR. However, a mixture of hip OA patients with and 
without THR might reflect the daily situation in exercise therapy (ET). 
Another limitation concerning the study population has to be mentioned. Patients 
were either recruited from existing institutional supervised exercise therapy or by 
advertisements in local newspapers. Therefore, it must be considered that most of 
the included subjects had positive expectations about the effectiveness of ET. This 
might contribute to positive results since patients’ expectations have been found to 
be associated with increased treatment effects (Kalauokalani et al., 2001). To control 
for these effects, a sham ultrasound group has been included in the study design 
(P1) of the RCT. Furthermore, it can be argued that at least a substantial number of 
patients that are participating in ET in everyday life might also have positive 
expectations on ET, since they participate voluntary by their own choice. 
Subsequently, the results of this thesis become relevant to practical application. 
Confounders 
Several potential confounder variables of pain and physical disability (PD) are 
suggested in the literature and have not been assessed in the studies of this thesis. 
For example socio-economic and psychological variables, such as occupation, 
education, or depression are associated with pain and PD (Knight et al., 2011). 
These variables were not evaluated in S2, and different characteristics in the two 
groups have to be considered. However randomization might have diminished 
possible impacts of these variables. During the RCT (P1), the confounder variables 
occupation and education are assessed and will be included in the data analysis. 
Furthermore, the results of S3 depend on the factors that are included in the 
statistical model. The small sample size limited the number of included factors. 
Therefore, important factors of PD may not have been considered and potential 
interaction effects have not been investigated, since every interaction effect included 
in the model is an additional variable. 
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5 Conclusion and future perspectives  
The findings of this thesis have been systematically evaluated in order to provide 
high quality in the strength-specific aspect of a study design for a randomized 
controlled trial (RCT). This RCT and the findings of this thesis are important steps to 
address the shortcomings in scientific literature regarding ET for patients with hip OA. 
These findings may be useful to other researchers addressing similar issues.  
The close relationship of the OsteoArhritisGroup (OAG) and the 
Präventionssportverein Tübingen e. V. enables research results of the OAG to be 
transferred to practical application. If the RCT finds significant effects from the 
optimized Hip School on pain and PD, these improvements will be included into the 
existing Hip School groups in the local area of Tuebingen. In addition, a two day 
education program for exercise instructors is provided by the OAG once a year. New 
results concerning ET in hip OA will be included in this education program, which is 
another way to communicate new developments to practical application. 
More than 700 initial contacts to hip patients who responded to the newspaper 
advertisements for the RCT indicate the important role of ET in patients with hip OA 
and the need for high quality research in this area. An important field of future 
research is to investigate the long-term effectiveness of ET and strengthening 
exercise in particular. Thereby the effects on symptoms, disease progression and 
cost-efficacy to the healthcare systems are of specific interest, as well as strategies 
to maintain adherence to exercise.  
Furthermore, the optimal content and dosage of ET still needs to be evaluated. 
Cross-sectional analyses may be important to describe the relationship between 
physical performance measures (e. g. HMS, aerobic capacity, flexibility, postural 
control, joint position sense) and outcome measures of ET in hip OA, such as pain or 
PD. Subsequently, longitudinal studies are required to confirm the effectiveness and 
causality of these relationships.  
The focus of ET should be directed towards the individual subject suffering from hip 
OA. Personal factors such as motor function, stage of the disease, financial 
resources, and psychological and motivational aspects may be important factors 
influencing the effectiveness of ET. Collaborative projects with other academic 
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disciplines, such as psychology or sociology, may be important to investigate ET in a 
more holistic approach. 
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7 Appendix  
Bland and Altman Plots of isokinetic and isometric hip abduction strength measures 
are shown exemplarily. These plots supplement the result of study number one. 
Furthermore, a table (table 4) is given that shows pearsons-product-moment-
correlation coefficients to evaluate whether heteroscedasticity may be present (r > 
0.7).  
 
 
Figure 2  Isokinetic hip abduction strength [Nm] in 16 patients with hip OA from test 
sequence one. The x-axis shows the mean differences and the y-axis shows the mean values 
of the two test occasion (TO1 and TO2). 
Appendix 
 127
 
Figure 3 Isokinetic hip abduction strength [Nm] in 13 healthy subjects from test 
sequence one. The x-axis shows the mean differences and the y-axis shows the mean values 
of the two test occasion (TO1 and TO2). 
 
Figure 4 Isometric hip abduction strength [Nm] in 16 patients with hip OA from test 
sequence one. The x-axis shows the mean differences and the y-axis shows the mean values 
of the two test occasion (TO1 and TO2). 
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Figure 5 Isometric hip abduction strength [Nm] in 13 healthy subjects from test sequence 
one. The x-axis shows the mean differences and the y-axis shows the mean values of the two 
test occasion (TO1 and TO2). 
 
 
Figure 6 Isokinetic hip abduction strength [Nm] in 11 patients with hip OA from test 
sequence one. The x-axis shows the mean differences and the y-axis shows the mean values 
of the two test occasion (TO1 and TO2). 
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Figure 7 Isokinetic hip abduction strength [Nm] in 11 patients with hip OA from test 
sequence two. The x-axis shows the mean differences and the y-axis shows the mean values of 
the two test occasion (TO2 and TO3). 
 
Figure 8 Isometric hip abduction strength [Nm] in 11 patients with hip OA from test 
sequence one. The x-axis shows the mean differences and the y-axis shows the mean values 
of the two test occasion (TO1 and TO2). 
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Figure 9 Isometric hip abduction strength [Nm] in 11 patients with hip OA from test 
sequence two. The x-axis shows the mean differences and the y-axis shows the mean values of 
the two test occasion (TO2 and TO3). 
 
Table 4: Pearson-product-moment-correlation coefficients (r) of test sequence one in 16 patients with 
hip OA and 13 healthy subjects 
group Hip OA patients Healthy subjects 
Strength measure Isokinetic Isometric Isokinetic isometric 
Hip abduction 0.16 -0.13 -0.13 0.14 
Hip adduction  0.4 0.1 0.31 -0.09 
Hip flexion -0.01 -0.06 0.39 0.12 
Hip extension 0.32 0.32 -0.06 0.22 
r > 0.7 indicates heteroscedasticity 
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